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Abstract
This thesis explores the methods for preparing functional xenogeneic tissue-
based replacements for the repair of mammalian joints. The main contribution is in 
establishing the biological and manufacturing procedures for such a construct so 
that it is able to present appropriate near-physiological properties following 
placement in the joint. The hypothesis was that donated cartilage-on-bone laminate 
can provide both a scaffold for receiver’s cells for cartilage regeneration and a 
viable interface for osteointegration. The research is significant in that it would 
provide insight, for the first time, into whether or not membranous bioscaffolds 
created from natural tissues, which has been done in the regeneration of vascular 
tissues, are capable of functioning in avascular systems like articular cartilage. It is 
further important in its potential to inform researchers in regards to the simultaneous 
regeneration of viable tissues in constructs or natural scaffolds that combined 
vascular (bone) and avascular (cartilage) layers. 
This thesis has appraised existing biochemical protocols for denaturing 
(decellularizing) articular cartilage with regards to the proportion of cells removed 
from a matrix and the consequences of such actions on the mechanical and 
structural integrity of the cartilaginous extracellular matrix (ECM). Both enzymatic 
and detergent-based decellularization protocols were used for preparing the 
xenogeneic osteochondral plugs characterized using rigorous microscopic, 
biochemical and histological techniques. To obtain a quantitative assessment of the 
impact of the treatments, in-house image processing algorithms and microscopy-
based finite element models were developed to discriminate and capture the 
disruption of the collagen network relative to its biomechanical response at 
microscale level. The response of the decellularized matrices to the cells seeded in 
vitro was evaluated, including the microengineering of the decellularized matrix 
using laser ablation of optimal microchannels size, density and pattern to facilitate 
cell infiltration, migration and implant-host integration. For in vivo appraisal, a 
purpose-built pulsed plasma reactor was also developed to explore effective 
terminal sterilization of the implants.  
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The results reveal that biochemical procedures are not enough for achieving 
an adequate construct relative to providing the mechanical strength and structural 
(porous) characteristics for cell infiltration, attachment, and differentiation. This is
argued to be mainly a consequence of the collapse of the collagen architecture that 
inevitably accompanies the decellularization process.  This collapse of the collagen 
network can be explained as the result of proteoglycans removal. This result led to 
the development of microengineering of the decellularized matrix to create micro-
sized channels and thereby enhance cellular activity, instruct migration pattern and 
promote recellularization of xenogeneic ECM-bioscaffolds. The ex vivo results 
showed that this new micro-drilling of interconnecting pores and channels 
enhanced the performance of the xenografts, as observed in the analysis of the tissue 
samples, recovered after three months of implantation in the load-bearing area of 
the knee joint of a sheep model. Furthermore, the results demonstrate that there was 
a significant difference between the mechanostructural characteristics of the treated 
ECMs, where it can be concluded that amongst all treated samples, the enzyme-
treated was the most unsuitable for load bearing, while the detergent-based are the 
most suitable for transplantation purposes.
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Chapter 1: Introduction
This thesis attempts to answer the research question of whether or not a 
xenogeneic osteochondral plug can be developed to act as a functional tissue-based 
construct for the repair of focal defects in mammalian joints. The thesis establishes 
and assesses the requirements for producing such constructs relative to their 
biocompatibility, mechanical viability, structural integrity, scaffold capacity in 
vitro and implant-host integration in vivo. This chapter introduces the purpose and 
the significance of the research conducted here in addressing these objectives.
The idea of this thesis proposes a conceptual donor-recipient platform based 
on the hypothesis that an immunologically privileged construct in the form of 
cartilage-on-bone laminate can be a viable transplant for the treatment of joint focal 
defects. The aim is, therefore, to explore the methodologies and assessment 
techniques that render the laminate essential characteristics for the adequate
integration of both vascular and avascular compartments and their proper 
functioning in a load-bearing biological environment. 
The word “laminate” refers to the practice of treating osteochondral defects
using cartilage with the underlying bone to facilitate bone-to-bone healing and 
cartilage-to-cartilage at the same time. The term “scaffold” refers to constructs,
which are fabricated in the laboratory using natural or synthetic materials, to 
provide an environment in which the cells can migrate or be seeded, attach, reside,
proliferate and differentiate directing the architecture of the new matrix they create 
and regenerate the tissues.
1.1 BACKGROUND
The background of this research significantly relies upon the arguments that
the extracellular matrix (ECM) could potentially constitute an ideal biological
scaffold since it is custom-designed by the resident cells of the tissue. This system
is biocompatible, biodegradable and provides a supportive medium for the cells to 
receive biochemical and biomechanical cues for proper functioning. The premise 
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contains the assumption that intact cartilage ECM possesses all of the 
characteristics of an ideal tissue-engineered bioscaffold to regenerate new cartilage
and bone when implanted in the host body. 
The knowledge gap, however, is based on the consensus in reference to the 
literature that current technologies can not fabricate the complex three-dimensional 
organization of the structural and functional molecules of the ECM nor its
hierarchical microarchitecture suggesting that a tissue-specific ECM-derived
construct is the best possible mimic thereof. Given that, due to the limitations of 
cartilage healing and the variable results of the existing treatment modalities, unlike 
the situation in bone, it is not enough to bring in scaffolds for the body to build on. 
Instead, the transplant must be capable of chondrogenesis and of maintaining the 
structural integrity of the matrix at the time of implantation and post-surgery.
1.2 RESEARCH QUESTION 
The first question was whether to use autogenous, allogenic or xenogeneic
sources for such a system that consists of both vascular and avascular components.
The literature review in the following chapter will discuss that the use of autogenous 
grafts has theoretical appeal in that there are no concerns regarding immunologic 
response or the risk of transmitting an infection. However, disadvantages include a 
limited supply of autogenous tissue as well as the potential morbidity of harvesting 
graft from healthy uninvolved joint surfaces. The immunogenicity of the graft 
material is another important aspect of allogeneic or xenogeneic sources.
Noteworthy is that heterologous chondrocytes contain surface transplantation 
antigens and will provoke an immune response if placed in a full-thickness defect 
allowing contact with the host immune system.
1.3 AIM AND OBJECTIVE
Hence, the main focus of the thesis would be to first establish the feasibility 
of an approach with emphasis on the methodologies for producing an 
immunologically privileged cartilage-on-bone laminate while preserving the 
essential biomechanical and structural characteristics of the intact cartilage matrix. 
The primary objective is to appraise existing decellularization protocols relative to 
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their ability to produce mechanically viable xenogeneic constructs with efficient 
DNA wash-out. The research explores the development of constructs that can 
preserve mechanostructural stability without eliciting any undesirable local or 
systemic effects while generating appropriate biomechanical and biochemical cues 
for optimal remodeling at chondral and subchondral interfaces.
The thesis then argues that current experimental techniques used for 
assessment of treated ECMs at the microscale level such as microscopy, histology 
and imaging are rather subjective in producing a qualitative description of the 
condition of the matrices. For instance, as the literature review chapter would later 
elaborate, histological assays could improve the resolution for section-digest 
methods and microscopic techniques can illuminate structural alteration, however, 
they are all inadequate descriptors for correlating tissues biochemical constituents 
with the structural organization and the corresponding biomechanical performance. 
1.4 HYPOTHESIS
To the thesis of this research, both quantitative data and qualitative methods 
are required to conduct a thorough appraisal of the decellularized ECM constructs.
The literature review illuminates that while qualitative procedure continues to grow 
to provide more information, this is not the case with the quantitative methods. For 
cartilage, it is necessary to explore and compline quantitative means of 
differentiating between the structures of the intact and altered matrices. One 
objective is, therefore, to assign numerical values to the degree of compromise in 
the matrix microarchitecture before and after treatment with different protocols that 
could result in varying level of tissue condition. These numerical values would be 
utilized to evaluate the consequences of treatments on micromechanical and 
microstructural characteristics of the decellularized ECM constructs. 
The exploration extends to the evaluation of a basic principle in tissue 
engineering practice where scaffolds are expected to contain living cells and that 
the long-term survival of any implant or graft would depend on the continued 
viability of such cells. As the proposed tissue-based constructs were based on a
donor-recipient scheme that involves decellularization in the first step, we 
investigate whether in vitro culture of heterologous cells would result in an adequate 
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recellularization of the laminates and the extent of cellular activity prior to 
implantation. The appraisal includes determining the capacity of the decellularized
constructs in accepting cells and instructing their behavior.
The investigation follows microengineering of the decellularized matrices to 
provide such scaffold characteristics that could enhance cell infiltration and 
repopulation of the laminates, in particular at the chondral layer, where the delivery 
of nutrients and pluripotent cells are rare compared to underlying bone that has 
access to the vascular bone system. Microporous rapid prototypes were 3D-printed 
to conduct an exploratory study on the optimal microchannel size, density, and 
pattern to promote the cellular activity. The optimal microchannel design should 
provide an instructive pathway that could tune proliferation and migration of host 
cells into the decellularized cartilage matrix. The microengineered decellularized 
cartilage-on-bone laminates would be transplanted as a xenogeneic osteochondral 
plug at a focal defect site to provide a reliable evaluation of its functionality in a 
real biological environment.
To prevent immunological reaction due to the potential contamination of the 
plugs during processing, terminal preparation would require a tissue-friendly 
sterilization protocol that can retain the microstructural and biomechanical 
properties that have been archived for the plugs at the time of implantation. The 
literature review would cover the current sterilization methods including irradiation 
procedures, use of chemicals and physical techniques, all of which can alter the 
initial condition of the decellularized matrix. It reveals that the standard doses of 
conventional sterilization systems would alter biomechanical properties 
significantly by reducing the ultimate stress-strain and toughness while increasing 
brittleness in some. 
In this thesis, the problem is intensified due to having two dissimilar tissue 
compartments i.e. cartilage and bone at the same time in the proposed decellularized 
laminates. In order to address the shortcoming of a sterilization method which is
specific to the need of this study, a pulsed plasma reactor was developed in a 
collaborative work with QUT power engineering group via utilizing a high voltage 
pulsed power unit, to appraise the capacity of non-thermal plasma medium for 
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sterilizing the laminates. The idea was to keep samples in a buffered environment 
that matches those of the human body and to carry out the treatments in less than a 
minute, to maximize effectiveness and minimize loss of matrices structural and 
biomechanical integrity.
1.5 SIGNIFICANCE AND CONTRIBUTION
As has been noted so far, the explorations conducted in this research are of a 
significant contribution to cartilage and bone tissue engineering as well as medical 
devices. The thesis establishes the methodologies for preparing a viable and 
transplantable xenogeneic tissue-derived ECM-based constructs for treating focal 
defects in mammalian joints. It covers various aspects of the research problem from 
the very first steps of harvesting and treating the tissues, quantitative and 
quantitative evaluation of the treated construct to the manufacturing of a 
microengineered system with enhanced functionality and continues with terminal 
sterilization and preclinical study in vitro, in vivo and ex vivo.
It contributes in general to the knowledge that can advance the use of 
biological material to create bioscaffolds for regenerative medicine. Most 
significantly, would be the identifying of the factors necessary for achieving a 
cross-transplantation intervention in the treatment of focal joint defects using an 
animal model, while laying the foundation for extension of the paradigm to humans 
in future. The thesis would also addresses the limitation that remains, in particular, 
the challenges with the reproducibility of the methodologies proposed and 
suggestion on future attempts that can help in resolving and overcoming what might 
happen in the following such approaches.
In the following chapters, the thesis first reviews the literature related to the 
research objectives introduced. All the protocols and methodologies that were either 
used or developed are then presented in Chapter 3, and the rest of the chapters 
outline results and discussion for each objective. In brief, Chapter 4 presents the 
experimental evaluation of the decellularized matrices. Chapter 5 adds quantitative 
appraisal to the results presented in Chapter 4. Chapter 6 extends the investigation 
towards microengineering of the decellularized matrix into a tissue-based scaffold-
like platform, and Chapter 7 evaluates the feasibility of the terminal sterilization 
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using pulsed power plasma. Finally, Chapter 8 concludes by acknowledging the 
limitations and recommendations for the scheme and the implications of where the 
study may be extended in the future. The research conducted during the preparation 
of this thesis has led to the following publications and manuscripts:
Journal Papers:
1. S. Singh, O. Afara, A. H. Tehrani, A. Oloyede. “Effect of decellularization on the 
load-bearing characteristics of articular cartilage matrix.” Tissue Engineering and 
Regenerative Medicine, 12(5): 1-12, (2015).
2. A. H. Tehrani, P. Davari, S. Singh, A. Oloyede. “Sterilizing tissue-materials using 
pulsed power plasma,” Journal of Materials Science - Materials in Medicine, 25(4): 
953-964, (2014).
3. A. H. Tehrani, S. Singh, A. Oloyede. “Quantitative assessment of structural integrity 
of collagen network in intact and disrupted extracellular matrix.” Journal of Medical 
Engineering and Physics, (submitted).
4. A. H. Tehrani, S Singh, A. Oloyede. “Microengineering of decellularized ECM 
bioscaffold for cartilage tissue engineering,” (in preparation).
Conference Papers:
1. A. H. Tehrani, S. Singh, A. Jaiprakash, A. Oloyede, “Correlating flow-induced shear 
stress and chondrocytes activity in micro-porous scaffolds using computational fluid 
dynamic and rapid prototyping”. ASBTE; (1), 72, (2014).
2. A. H. Tehrani, A. Jaiprakash, S. Singh, A. Oloyede, “In vitro assessment of surface 
congruency and integration of chondrocytes at adjacent edges of micro-fabricated 
clefts on cartilage”. ASBTE; (1), 47, (2014).
3. A. H. Tehrani, S. Singh, A. Oloyede, Local stress-strain distribution and load transfer 
across cartilage matrix at micro-scale using combined microscopy-based finite 
element method. Australian Society for Biomaterials & Tissue Engineering; (1), 85, 
(2014).
4. A. H. Tehrani, P. Davari, S. Singh, A. Oloyede. Fine tuning of elasticity via 
crosslinking collagen-based materials to mediate mechanotransduction and stability 
using corona treatment. Australian Society for Biomaterials & Tissue Engineering;
(1), 145, (2014).
5. A. H. Tehrani, S. Singh, Y. Xiao, A. Oloyede, Anisotropy of articular cartilage 
reflects the ECM gradient architecture: Hough-Radon transforms analysis. Imaging 
and Signal Processing in Healthcare and Technology, 771-029, (2012).
6. A. H. Tehrani, S. Singh, Y. Xiao, A. Oloyede, Fast Fourier analysis of structural
organization in decellularized cartilage-on-bone laminates. Imaging and Signal 
Processing in Healthcare and Technology, 771-017, (2012).
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Chapter 2: Literature Review
2.1 INTRODUCTION
Joint problems are one of the ten most disabling diseases worldwide, 
including over 150 types of progressive and painful conditions affecting millions
according to the World Health Organization’s fact sheets (WHO, 2013). It has been 
noted that in the increasing middle-to-old age population, more people will 
experience joint problems in their lifespan  which is more probable in women than 
men (Australian Orthopaedic Association). The problem is manifested by the 
breakdown of cartilage which is an avascular tissue and, therefore, has a limited 
repairing capacity compare to vascularized tissues. Despite the continued efforts,
current surgical treatments that have the potential to results in successful outcomes 
are limited to removal (Hunziker & Quinn, 2003), microfracture (Steadman, 
Rodkey, & Briggs, 2002), and joint replacement if damage is too severe (Jang, 
Walsh, & Bruce, 2013).
The surgical interventions are successful in reducing the associated pain to 
some extent and could improve patient’s mobility for daily routines, however, the 
major limitation is that the treatments are not permanent, and revision surgeries 
might be needed because either the first attempts fail or unpredicted difficulties 
arise. As an alternative to the conventional interventions, regenerative medicine and 
tissue engineering has proposed novel methods using multidisciplinary tactics by
combining engineering principles with material and medical sciences; nevertheless, 
a final solution has not been introduced where outcomes are comparable to simpler,
but tangible results of conventional operations.
This chapter aims to revisit previously published works and relevant literature 
on different methods that have been used for chondral regeneration and possible 
treatment options for joint repair. It begins with providing the basic definition of 
cartilage, its intricate structure and constituents to equip the reader with the basis 
and then covers various treatment options that have been reported elsewhere 
reaching to a point where current challenges are addressed. It has been designed to 
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deliver a critical review of the relevant literature that argues treating cartilage is 
difficult, and multiple factors need to be taken into account when treatments are 
proposed. The chapter ends with a summary of the knowledge gap, possible 
treatment option for joint repair and the steps that are to be taken in the following 
chapters.
2.2 CARTILAGE
Buckwalter, Rosenberg, and Hunziker (1990) provided the basic definitions 
for cartilage and described its intricate structure.  According to Buckwalter, et al. 
(1990), cartilage is composed of cells entrapped in a mesh of collagen fibres 
together with a complex arrangement of other macromolecules like proteoglycans 
that maintain the right volume of water content in the tissue. Collagen I is the 
signature of various connective tissues such as bone, skin, and tendon, whereas 
collagen II is of hyaline cartilage. The tissue has a high water content indicating 
how the interaction between the collagen fibrils and proteoglycans preserves its 
hydrated state. These characteristics contribute to the unique physical properties of 
cartilage, its lubrication, and efficiency in exchanging oxygen and other nutrients 
via diffusion (Buckwalter & Mankin, 1997).
Eyre, Weis, and Wu (2006) postulated that the template of the collagen 
meshwork is very complex. The intricacy of the collagenous assembly is as such 
that the abundant macromolecules of collagen type II can covalently bind with other 
types of collagen present in adult human cartilage  namely, type III, IX and XI, 
all of which play a critical role in the tissue remodelling. Bruckner et al. (1988)
elaborated on the role of collagen type IX in stabilizing the cartilage matrix, which 
according to Diab, Wu, and Eyre (1996) is insignificant due to its minor quantity, 
similar to what (Rosenberg, 1973) and (Roughley & Lee, 1994) had reported. 
However, Diab, et al. (1996) demonstrated the location and site of this covalent 
crosslinking between collagen II an IX and its evident presence. In a similar work, 
Hagiwara, Schröter-Kermani, and Merker (1993) noted the localization of collagen 
VI followed by a report by Marcelino and McDevitt (1995) on the attachment of VI 
type collagen to chondrocyte surface receptors (Stockwell, 1978). The study 
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demonstrated how collagen type IV entrapped into the matrix meshwork and 
stabilize the microstructure (Hagiwara, et al., 1993).
Proteoglycans can exist as monomers or aggregates which attach to the 
hyaluronic acid backbone by specialized link proteins. These macromolecules 
attached to the core of a protein that has sulphated glycosaminoglycans (GAGs)
with high negative charges (Buckwalter & Mankin, 1998). These GAGs side-chains 
are hydrophilic due to the anionic charge concentration and can store a large number 
of water molecules using physical interaction. The proteoglycans in hyaline 
cartilage are entrapped by the collagen meshwork and are partially hydrated 
(Oloyede & Broom, 1996).
Mow, Ratcliffe, and Poole (1992) calculated many of the intrinsic properties 
of components that constitute the cartilage tissue at different length scales ranging 
from nano to micro and at tissue level, most of which are dependent on the 
composition, and attribute, particularly, to the swelling pressure regulated by the 
negatively charged end of the proteoglycan macromolecules (Athanasiou et al., 
1991; Rosenberg, 1973; Roughley & Lee, 1994). According to Newman (1998a)
the best implication of these unique properties is that any viable replacement for 
cartilage must possess a similar constitution. Bhosale and Richardson (2008)
believes that in cartilage repair, areas of agreement and controversy exist because 
of the complexity of the tissue, importance of the effectiveness of a treatment option 
and its longevity.
Buckwalter, et al. (1990) explained that cartilage is made of hypothetical 
layers which can be distinguished by their microstructural and physiological 
differences. The thinnest layer of all is the superficial layer and contains flattened 
chondrocyte cells which are parallel to the articulating surface. Any disruption of
this layer can alter the cartilage biomechanical properties leading to the 
development of diseases such as osteoarthritis (Buckwalter & Mankin, 1997). The
superficial layer can act as a membrane inhibiting the entrance of molecules that 
are larger in size compare to water molecules, for example, pathogens in order to 
keep the cartilage safe from the immune system attacks. In this zone, chondrocytes 
are responsible for excreting high and low concentration of proteoglycans and 
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collagen fibres, respectively, making it the highest water content region across the 
cartilage ECM length.
The orientation of chondrocyte cells varies with depth across the cartilage 
ECM. In transitional layers, their density decreases and they form spheroid-shaped 
along the length (Buckwalter & Mankin, 1998). The diameter of collagen fibrils,
which are arbitrarily organized, is directly proportional to proteoglycans 
concentration in this region. The chondrocytes at lower layers are perpendicularly 
arranged to the surface. With depth, collagen fibres get larger in diameter and 
proteoglycans content get lower (Buckwalter, et al., 1990). Further down, the 
mineralized zone begins with cells that are embedded in the calcified matrix 
showing little metabolic activity. 
In this interfacial, the cells are capable of producing collagen X, which is 
favourable to the ECM overall stability and load-bearing characteristic of cartilage 
as it integrates with the subchondral bone. Gilbert (2000) described that during 
maturation, chondrocytes become more hypertrophic by excreting more collagen X 
to mineralize the extracellular matrix and promote ossification. Brittberg (1996)
explained that the visible border between these two zones is responsible for the 
smooth transition from a highly deformable material (cartilage) to the stiff 
subchondral bone. Hunziker (1992) noted that the metabolic activity of cells in this 
stiffer region can be compromised if damage to the surface of cartilage propagates 
down to this region  a phenomenon which was also observed in a study by Kim, 
Guilak, and Haider (2008).
2.3 HEALING CAPACITY
Sophia Fox, Bedi, and Rodeo (2009) attributed the diarthrodial joint health to 
the maintenance of cartilage biomechanical functioning and the transmission of 
external loading through the lubricated articular surface. This biomechanical 
functionality is exceptional in resisting high cyclic loading, demonstrating time-
dependant behaviour, creep and stress-relaxation responses with little or no 
evidence of damage or degenerative change (Lai, Mow, & Roth, 1981). In other 
words, Poole et al. (2001) described cartilage micromechanical characteristics as a 
function of three key components that act in concert to generate tensile (Roth & 
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Mow, 1980), compressive and cell-matrix strength. These includes but not limited 
to the microfilamentous proteoglycan aggracans (Rosenberg, 1973; Roughley & 
Lee, 1994), micro-fibrillar collagen meshwork, and non-collagenous proteins. 
Although there are certain characteristics unique to each and every tissue and 
organ in human body, the reaction in response to injury is not at all uniform in many 
fashions, in particular, for an avascular tissue like cartilage (Buckwalter, et al., 
1990; Mankin, 1982; Newman, 1998b). At the defect site, cells are abundant to 
eradicate material that lead to necrosis (Mankin, 1982), and at the same time to 
recreate the damaged tissue (Buckwalter, et al., 1990). These cells can originate 
from different sources, for example, they can be from the proliferation of other 
healthy cells inside the matrix or of those that migrated to the defect site by blood 
or synovial fluid (Shapiro, Koide, & Glimcher, 1993). The latter is common in 
vascular tissue where the vascularization supplies cells and bioactive molecules 
together with the nutrient and oxygen; all of which the organs consume to recreate 
the natural physiological organization of the damaged tissue. 
Muir (1995) suspected that the mutation in the genes of proteins specific to 
cartilage (Hedbom et al., 1992), are responsible for interfering with the normal 
interaction between the functioning of collagen and non-collagenous domains
(Roughley & Lee, 1994). However they attested that these changes usually do not 
match with the phenotypic behaviour of healthy chondrocytes in cartilage  these
phenotypes are well established in the literature (Stockwell, 1978). Later, DiCesare 
et al. (1994) showed that these proteins have individual functionality by purifying 
their oligomers from human cartilage, similar to the procedure that has been 
reported by Saxne and Heinegard (1992). Not to mention that Almquist (1992)
thoroughly reviewed the evolution of these genes in the distal radioulnar joint in 
human and how they evolve to assist with load-bearing and locomotive manoeuvres 
in mammalian species. The question, however, remains how and to what extend 
each of these genes and their mutation participate to what we currently define as a 
mechanically viable articular cartilage.
Mankin (1982) studied the capacity of articular cartilage to heal itself and its
overall response to injury. When the tissue is damaged, the first phase of repair is 
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necrosis, where blood flows away from the torn blood vessels to form a hematoma 
leading to a clot. The platelets confined within the clot gradually release growth 
factors leading to an inductive migration of cells into the region (Mankin, 1974a;
Mankin, 1974b). The second phase is inflammation, which is specific to the 
vascular system, and results in the growth of filamentous structures, which encloses 
inflammatory and pluripotent cells that can differentiate to replace the damaged 
tissue. The culmination of these two phases is the initiation of the remodelling
process that constitutes the longest phase of body’s response to injury.
Mankin (1982) further noted how the response of cartilage to injury is 
significantly different to what has been explained  mainly because of its avascular 
nature. For example, the second and third phases of healing, as has been noted, are 
mainly regulated by the vascular system and blood supply which are not available 
to cartilage. Although cartilage has natural clot formation inhibitors to allow the 
delivery of nutrients and growth factors in contact with blood (Newman, 1998b), it 
lacks blood supply and the closet vascularized system is the subchondral bone 
region.
Considering the dense structure of cartilage matrix compare to other 
connective tissues, it can be noted that another major difference is with the cell 
population. Chondrocytes, are essentially entrapped in a dense mesh of collagen
fibres and proteoglycan macromolecules in cartilage (Oloyede & Broom, 1996),
which makes their ability to migrate to the injury site, from the closet healthy 
location almost impossible. Even if they have the potential and affinity to replace 
the damaged matrix, they cannot get to where they are needed to trigger the 
remodelling process and produce the new matrix. However, when the injury reaches
down to the underlying bone, it provides a path for the blood to run out and take 
over the remodelling process similar to what has been explained for vascular 
tissues.
Shapiro, et al. (1993) also indicated that if the injury disturbs the bone region 
beneath the chondral layers, then the healing process will be mainly stimulated by 
vascular system. Thiede, Lu, and Markel (2012) reviewed that in such cases, a fibrin 
clot emanated from the blood inside the subchondral bone would cover the defect 
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and traps the cells within to direct the remodelling process. The reparative and 
inflammatory reaction then leads to cell maturation and producing of the new
matrix. Shapiro, et al. (1993) showed that the source of these cells can be of
undifferentiated mesenchymal stromal cells (MSCs) originated from bone marrow
or of synovial fluid, which can then participate in the healing process suggesting a 
new avenue for research (Jones et al., 2008; Miyamoto et al., 2007; Simon & 
Jackson, 2006).
In cartilage, there is also much dependency of the healing process to the defect 
size. Convery, Akeson, and Keown (1972) demonstrated that small defects, of a 
size smaller than three millimetres, can be healed completely, concluding that the
increasing size of a defect and the decreasing quality of healing are directly 
proportional. Later, O'Driscoll, Keeley, and Salter (1988) described how the quality 
and rate of the healing process can be increased when full-thickness defects remodel
to regenerate hyaline-like cartilage. Årøen et al. (2004) confirmed that full thickness
cartilage defects are more suitable for complete repair. However, the regenerated 
tissues do not entirely as functional as hyaline cartilage since symptoms like pain, 
swelling and locking remains.
2.4 CURRENT TREATMENT OPTIONS
In treating cartilage defects, a typical procedure would be to remove the 
surrounding of the defect and eliminate the remaining imperfections (Hunziker & 
Quinn, 2003). Other approaches focus on either delivering the essential components 
for repair such as growth factors via vascular system (Pei et al., 2002) or cells that 
are capable of differentiating toward a chondrogenic lineage (Wise et al., 2008).
These methods can include surgical interventions or tissue engineering principles 
such as microfracture (Knutsen et al., 2004) or shaving of the debridement (Jackson 
& Dieterichs, 2003) which belongs to the former, and transplantation of 
mesenchymal stem cells (Pountos et al., 2006) or autologous chondrocytes
(Knutsen et al., 2007) which belongs to the latter. 
In order to determine whether an approach is more advantageous than
another, we need to be able to confirm which results in a successful clinical 
outcomes, particularly, in a long run, as opposed to passing judgement on its
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effectiveness by observing immediate signs of healing. For a reliable comparison,
the first issue is that the nature of the treatments can be fundamentally different in 
most cases. The second difficulty concerns with the way of grading the treatments 
in that they have been studied using inconsistent evaluation measures. Currently, 
up to decades of revisions are needed to have a robust assessment whether an 
approach is entirely satisfactory (Jang, et al., 2013; Jibodh et al., 2012; Stiehl & 
Mahfouz, 2007). One way to achieve this can be through proposing new scales with 
which the treatments can then be compared to a healthy condition.
2.5 TRANSPLANTATION
Due to the limitations of cartilage to heal naturally and the variable results of 
the treatment options, currently there is much interest in the transplantation of 
cartilage tissue itself or isolation of chondrocytes for implantation. The concept of 
transplants modelling were shifted toward osteochondral unit that benefits from 
bone-to-bone healing since chondral layers could not seemingly bond to the bone 
or cartilage of the host easily (Bugbee, Cavallo, & Giannini, 2012; Robert, 2011a;
Vaquero & Forriol, 2012). Attempts suggested that adequate cartilage-to-cartilage 
bonding may be feasible using biological adhesives though (Jurgensen et al., 1997).
Obradovic et al. (2001) showed that the integration quality of cartilage-to-cartilage 
depends on the ECM condition and components.  
It has to be noted that each and every transplantation technique has its 
advantages and disadvantages. Edward Glenn Jr et al. (2006) explained that, for
example, for an autogenous graft, there is a limited risk of disease transmission as 
chondrocytes have high survival rate and bone integration are much reliable
compared to those for an allograft. On the other hand, there are also disadvantages
in using autografts, namely, morbidity, limited supply of tissue, donor age and the 
difficulty of matching the graft topology to that of the recipient (Edward Glenn Jr, 
et al., 2006). As a result, the first thing to consider would be the donor tissue source. 
According to the literature, the use of autografts seems fairly reasonable in 
that there are no concerns regarding immunogenicity or the risk of contamination. 
Moreover, cell viability is much higher in autograft than in allograft, particularly, 
in the long run. Nevertheless, as has been noted, drawbacks include limited supply, 
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potential morbidity, finding a healthy donor and the difficulty of surface 
congruence. Furthermore, the age of the donor is a big limitation for autograft,
whereas allografts can be obtained from younger donors that has greater
regeneration capacity. In addition, the allograft can be taken from the exact same 
location on the donor. As a result, the donated tissue would be identical in term of
topology and physical characteristics.
Despite the advantages in using allografts compare to autografts, as has been 
listed by Edward Glenn Jr, et al. (2006), they too have their own specific issues.
The main limitation is with the risk of disease transmission in allografts that can be 
pass on by the donor. Asselmeier, Caspari, and Bottenfield (1993) previously 
reported that it is the long incubation period of human viral particles that pose the 
major threat in allografts. They suggested that advanced tissue banking protocols
would lessen the risk even though this cannot be completely eliminated. The focus 
of the current research have therefore been shifted toward resolving the
immunogenicity issues at the first place which opens up the path for other tissue 
sources such as xenografts (Katz et al., 2009; Kawalec-Carroll et al., 2006; Tse et 
al., 2003).
It is well-established that cartilage can be considered as an immunologically 
privileged tissue due to its avascularity and that it is inaccessible to the immune 
system in its intact condition (Langer & Gross, 1974). However, as Moskalewski, 
Hyc, and Osiecka-Iwan (2002) noted, if chondrocytes are isolated from the tissue, 
they do enclose transplantation antigens on their surface that can provoke an
immune response. This situation can be intensified if these antigens are exposed, 
for example, subchondral bone region allowing contact with the vascular i.e. 
immune system of the host. Not to mention that allogeneic cartilage, in its intact 
condition, does not typically provoke the immune system in the recipient since the 
dense collagen network encapsulates the cells and the antigens.
Wakitani et al. (1989) reported that allogeneic cells embedded in the cartilage 
extracellular matrix do not provoke an immune response. However, as Garrett 
(1993) noted, the issue with immunogenicity remains when allogenic cartilage is 
transplanted with its underlying bone. Czitrom, Axelrod, and Fernandes (1985) had 
Chapter 2: Literature Review 33
described that the bone part in such a case includes immunogenic cells that can 
result in an adverse immune response. Friedlaender (1983) suggested that the issue 
can be prevented by conditioning the grafts; for example, freezing the
osteochondral unit which can alleviate the immunogenic reaction, while critically,
Schachar and Mcgann (1986) concluded that such treatments can adversely affect 
the overall viability of the transplanted cells.
As noted above, the long-term fate of allografts constitutes a major problem 
in the regenerative process for joint repair. Jackson et al. (1996) showed in an in 
vivo model that level of DNA materials in the donor decrease with time. They 
reported that donors with larger initial quantities of DNA appeared significantly
superior compared to those that contain no DNA. This shows how chondrocytes
viability associates with the matrix integrity, in the long run. Gulotta et al. (2009)
argued that cell viability can be greater in autografts compare to allografts and that 
the latter could exhibit matrix degeneration due to the presence of immunologic 
factors.
Hangody et al. (1998) explained the surgical technique that makes the most 
of out of including both cartilage and bone components as a single transplant,
mosaicplasty  which was defined in 1993 and has been used since for treating 
cartilage and bone injuries (Robert, 2011b). In this technique, cylindrical plugs of 
cartilage and bone are harvested from a donor joint that is not under cyclic load. 
Robert (2011b) described that in this approach the area of the defect is cleaned by 
the surgeons first and then multiple osteochondral plugs are used to fill the defect. 
Finally, the openings and spaces between the plug and the receiver’s tissues or 
between the plugs themselves can be filled by fibrocartilage. 
Gudas (2001) noted that the fibrocartilage, which is used to fill the gaps 
between the plugs, is usually made from the debris of the same chondral defect to 
secure the plugs inside the defect. However, Hangody and Füles (2003) reported 
that these gaps would finally weaken the overall stability of the plugs leading to the 
donor site morbidity. They recommended that in order to avoid this, the treated area 
needs to be limited to a range of 1–4 cm2. According to Hangody, et al. (1998), the 
original technique is an open procedure. However, current advancement both in 
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surgical techniques and instrumentation offers the chance for this procedure to be
done as an arthroscopic exercise. The followers of this technique argue that the key 
advantage is that this results in a more stable, robust and load-bearing surface. 
Similar to many other surgical techniques, Mosaicplasty also has its own 
disadvantages and difficulties, namely, inability to restore surface congruence and
differences in heights of the plugs compare to that of the host and the adjacent 
cartilage to the plug (Kock, van Donkelaar, & Ito, 2012; Robert, 2011a). As has 
been explained, the main reason for this difficulty is that the plugs cannot laterally
anchor to the cartilage surface at the plug-host interface and that the synovial fluid 
leakage can make the healing process even more problematic (Bentley et al., 2003).
There has been another consensus in the literature on what needs to be 
included in a transplant, and that is the necessity of having living cells (Czitrom, 
Keating, & Gross, 1990). The argument has been based on the idea that the survival 
of a graft or an implant, in general, would depend on the continued viability of the 
cells within it. In other words, this principle elaborates on the fact that, unlike the 
situation in bone, it is not adequate to bring in constructs in an acellular state and 
the transplant must contain cells capable of chondrogenesis and of maintaining the 
structural integrity of the matrix through their sustained viability.
2.6 TISSUE ENGINEERING 
The poor ability of cartilage to heal itself is a well-known characteristic of the 
tissue (Redman, Oldfield, & Archer, 2005). Tissue engineering, hence, has emerged 
as an alternative treatment option in which the principles of engineering, material 
and medical sciences are combined to provide synthetic or biological platforms that
can be seeded with cells and subsequently implanted into the defect (Becerra et al., 
2010; El-Ayoubi et al., 2011; Kock, et al., 2012). Apart from cartilage, other tissue 
engineered constructs, so called, “designer tissues” (Service, 1995), have long been
fabricated in laboratories through the use of biomaterials that not only have a 
differential attraction for cells but can direct the architecture and microenvironment
of the matrix they create (Hollister, 2005).
In the era of ever-growing need for cartilage replacement, current attempts in 
tissue engineering and fabricating tissue scaffolds (Bonfield, 2006; El-Ayoubi, et 
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al., 2011; Kock, et al., 2012; Woodfield et al., 2002; Woodfield et al., 2004), have
led to an intense effort in understanding and mimicking the characteristics of native 
tissue, such as hydrogel-based scaffolds (Castro, O'Brien, & Zhang, 2014; Galperin 
et al., 2013; Schütz et al., 2014), natural biomaterials such as silk (Sahoo, Toh, & 
Goh, 2010), polymers (Hutmacher et al., 2007; Mano et al., 2007) and 
decellularized ECM scaffolds (Badylak, 2004a; Badylak, 2005; Benders et al., 
2013).
In reference to tissue engineering and biomaterial concepts, attempts have 
been made to replace a failed tissue with synthetic materials that have a minimum 
degree of biocompatibility. Researchers have used metal (Woessner & Gunja-
Smith, 1991), polymeric (Puppi et al., 2010) and composite materials to build 
replacement scaffolds (Zhang & Lim, 2008); some are aiming to match the physical 
and biochemical properties of their engineered constructs with that of the tissue 
(Steck et al., 2010), and others are trying to mimic the structure of the collagenous 
extracellular matrix (Castro, et al., 2014; Klein et al., 2009; Zheng, Yang, et al., 
2011). However, in the case of cartilage, the main issue is with the complex
mechanostructural organization and hierarchical microarchitecture of its 
extracellular matrix that has made such attempts even more challenging (Stella et 
al., 2010).
Different microfabrication methods have been used to create the gel-like, soft 
and porous nature of the cartilage extracellular matrix and mimic its natural 
architecture. Solvent casting/proven leaching, phase separation, gas foaming, 3D 
printing and textile engineering techniques like electrospinning and various 
nonwoven mats have been used to provide scaffolds with desired porosity, 
interconnectivity and mechanical performance (Bonfield, 2006; El-Ayoubi, et al., 
2011; Kock, et al., 2012; Woodfield, et al., 2002; Woodfield, et al., 2004), however,
none have yet responded as perfect as the natural collagen membrane of the
extracellular matrix itself (Gentili & Cancedda, 2009).
Researchers have been working to build an efficient scaffold to support cells 
for regenerating the new tissues. Different approaches have been investigated 
toward this end including different types of biomaterials from biodegradable 
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(Tuzlakoglu & Reis, 2009), hybrid scaffolds made from synthetic polymer (Chen 
et al., 2004) to naturally derived polymers (Sahoo, et al., 2010). Different three-
dimensional scaffolds have been used for cartilage tissue engineering (Wang et al., 
2011). For example, Chen, et al. (2004) reported that hybridization of synthetic 
polymers with collagen assisted cell seeding in microporous scaffolds and enhanced 
the seeding efficacy. In their work, the PLGA sponge served as a skeleton and 
provided appropriate mechanical strength for the engineered cartilage. In another 
attempt, Wang et al. (2005) combined adult's bone marrow-derived MSCs with a 
3D silk scaffold for in vitro cartilage repair.
Typically, biocompatible 3D scaffolds provide structural support for cells to 
arrange a packed construct rich in extracellular matrix. Although, PLGA sponge 
and MSC-silk constructs are recognized as being able to generate a similar 
architecture to native cartilage tissue, the biomechanical characteristics and 
physiological behavior of these constructs could not match with that of the tissue. 
In a chronological follow-up, Fan et al. (2006) in an attempt to copy the 
extracellular matrix of cartilage, produced a hybrid scaffold of PLGA/ GCH for 
articular cartilage repair. In a parallel study, Moroni, De Wijn, and Van Blitterswijk 
(2006) produced a scaffold with novel three-dimensional structures by combining 
periodical rapid prototyping with integrated random electrospinning to produce the
hybrid scaffold. 
In most of the approaches mentioned above, cells were found to maintain their 
round morphology, which is a phenotypic behavior for chondrogenesis (Ghosh et 
al., 2009). However, in spite of the interconnectivity of the pores, cell seeding was 
reported to be inadequate. Moroni et al. (2008) attributed these issues to the 
inadequate presence volume porosity and microstructural features. To overcome the 
difficulty, they developed a three-dimensional scaffold by combining fiber 
deposition (3DF) with electrospinning (ESP). This new 3DF scaffold provided 
structural stability while ESP network captured the cells. However, their work 
revealed that the morphology of cells and their differentiation is too much 
dependent on fiber dimensions and on the morphological characteristics of the 
substrate on which the cells reside. 
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In another approach, Dai et al. (2010) combined collagen I with PLGA 
polymer to fabricate a woven hybrid construct. The PLGA mesh served as a frame 
to provide the structural stability while the collagen micro-sponges eased cell 
distribution and matrix production. Similarly, Liao et al. (2010) built a hybrid 
scaffold using electrospun PCL mat coated with extracellular matrix PCL/ECM.
Their studies demonstrated that a polymer/extracellular matrix composite scaffold
that includes biochemical signals, which was delivered via the ECM constituent, 
can promote the physiological functionality of artificial constructs used in cartilage 
repair.
In most of the cases reviwed so far, matching the biomechanical properties 
and microstructural features similar to those of the tissue’s natural organization was 
challenging. Many have tested the idea of adding ultrastructural features to 
compensate the poor mechanical performance. For example, Sahoo, et al. (2010)
produced biomimetic hybrid scaffolds using electrospun PLGA nanofibers on a 
woven silk mat. The ultrafine fibers were to mimic the natural extracellular 
matrices’ nano-architecture, facilitate cell seeding and enhance matrix synthesis,
resulting in a stiffer platform. While the constructs described above cannot 
mechanically remodel the native tissue, they overcame the limitation that is specific 
to ECM-based materials by augmenting their overall mechanical strength. For 
instance, Iwasaki et al. (2011) sought to fabricate a mechanically robust construct 
while having cartilage-mimicking components by adding hyaluronic acid (HA) to 
chitosan hydrogel. They mimicked the natural organization of cartilaginous
extracellular matrix with adequate mechanical strength but with unsatisfactory 
morphological characteristics like small pore size which eventually led to loss of 
cell-shape.
In all of the above-mentioned works, the generations of the zonal organization 
of cartilage was overlooked due to its complexity, which is a crucial characteristic
argued to be a significant determinant in advancing cartilage tissue engineering
(Darling, Hu, & Athanasiou, 2004; McLeod, Wilusz, & Guilak, 2013; Pretzel et al., 
2010). In fact, the ultimate goal of tissue engineering is to be able to reproduce the 
native environment of the tissue to an extent which its natural physiological 
functioning can be completely restored. In an attempt to address the concept, Kim 
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et al. (2003) selected isolated cells from successive zonal layers of healthy cartilage
to confirm that cells would have dissimilar proliferation and bioactivities in 3D 
cultures. They encapsulated these chondrocytes inside layered hydrogel constructs 
and showed that the resulting monolayers significantly differed in histological 
composition, growth kinetics and gene expression.
Kim, et al. (2003) also established that it is possible to use multi-layered 
constructs for regenerating the zonal organization of native cartilage by 
incorporating chondrocytes obtained from the corresponding layers. They 
concluded that the regeneration of the zonal organization can be done by making 
multi-layered constructs. However, the work remains an experimental model with 
lots of unknown mechanisms regarding how the zonal architecture of cartilage
forms and how it can be maintained. It seems that current engineered construct do 
not possess the typical zonal organization of cartilage since they cannot reflect the 
hierarchical microarchitecture of cartilage extracellular matrix which extend from 
micro to nano scales and mainly account for the tissue unique biomechanical 
functioning.
Klein, et al. (2009) evaluated the prospects of cartilage repair approaches 
using biomimetic concepts. Likewise, Oh et al. (2007) prepared PCL scaffolds that 
have pore size, which gradually increase in size along its length via a centrifugal 
process. These works identified that cell cultures indicated that cells prefer a wide 
range of pore sizes and organization for adequate regeneration. Although, the 
gradient of pore size in a scaffold is an excellent way of exploring cell-structure
interactions, the porosity features have not been able to mimic the intrinsic and the 
complex microarchitecture of the native tissue in various manners.
Yao, Zhang, and Zhou (2009) demonstrated a practical approach for
preparing porous structures with significant control over the structural 
characteristics of the pores. They induced cold shocks to the solutions of immiscible 
polymers while they were thermally conditioned by annealing on a hydraulic press 
with heated platens (Yao, et al., 2009). The resulting pore could be tuned to have
an average diameter of a few to hundreds of micrometers with adjustable
interconnectivity throughout the scaffold. It was shown that the pore features could 
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be altered when controlling parameters such as temperature, annealing steps and 
duration changes.
As an alternative, Woodfield, et al. (2002) reported that 3D deposition 
techniques can also be utilized to achieve the desired structural characteristics, such 
as porosity, size distribution and other microarchitectural features using computer-
controlled processes. They later examined the capacity of pores with the anisotropic 
structure to direct the arrangement of chondrocytes and other components of ECM 
(Woodfield, et al., 2004). They also reported that volume porosity and 
DNA/glycosaminoglycan (GAG) ratio are directly proportional in such scaffolds 
(Woodfield et al., 2005).
In another approach, Lien, Ko, and Huang (2009) designed a gelatin 
fabrication technology to prepare different architectural features that rely on the 
crosslinking temperature. The pore size of the gelatin scaffolds increased with 
temperature as well as cell proliferation and GAG content post culture period. It 
seemed that cells preferred scaffolds with pore sizes ranging from 250 to 500 
microns. It is nevertheless obvious that pore size significantly affects the metabolic 
activity in cells. Zeltinger et al. (2001) used micro-computed tomography analysis 
and revealed that the response of different cell types varied in accordance with the 
architecture of the construct that modulated in vitro cellular responses.
It is also essential to take into acount the role of growth factors in the
remodeling process (Blunk et al., 2002; Pei, et al., 2002). It can be argued that the
scaffolds should be able to exercise control over the delivery of these factors via 
interacting with cells not just by manipulating the material property of the scaffolds 
such as degradation rate. Accordingly, the significant challenge would be then to 
direct the cells to proliferate and lay new extracellular matrix by the time the initial
scaffold material degrades. It can be concluded from the arguments that the 
challenge in using synthetic materials is that they cannot essentially exhibit the real 
physiological characteristics of a tissue. The complexity of the extracellular matrix 
organization shows that a dynamic system is required for the regeneration process
to be continuous. As a result, constructs should be tissue specific, and at the same 
time vary in organization and architecture to be able to control the interfacial 
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properties of two different constructs together such as cartilage and the underlying 
subchondral bone in full thickness defects.
Researchers have been working to prepare scaffolds that can support the 
cellular components to regenerate the tissues adequately (Hu, Zhu, & Gao, 2009).
Different approaches have been studied, using biodegradable polymers, metal and 
ceramics, none of which proved to be as viable as the extracellular matrix of that 
tissue. Bioscaffolds made from natural extracellular matrices have, therefore,
received increasing attention for their potential in this regard (Badylak, Freytes, & 
Gilbert, 2009; Srouji et al., 2008).
The approach, in which natural ECM is used as a biomaterial, can be 
advantageous in that the need for transplants as biocompatible sources and 
extensive in vitro expansion of cell in synthetic scaffolds decrease prior to 
implantation. Nevertheless, biomaterials can still be utilized for conditioning of the 
cells, delivery and upregulating the proliferation and migration inside the defect. 
The scaffold materials can also be utilized for delivering targeted growth factors to 
promote the remodelling process. For example, von Schroeder et al. 
(1991) demonstrated the impact of having a biological additive to synthetic material 
on the healing capacity of chondral defects by sewing autogenous periosteal grafts 
onto polylacticacid (PLA) cores and implanting them into rabbit knees. They 
reported consistent repair of the articular defects with a hyaline-like cartilage that 
contained, 82% Type II collagen.
2.7 EXTRACELLULAR MATRIX: THE IDEAL BIOSCAFFOLD 
There are many characteristics of ECM that render it a perfect model for
scaffold materials (Wolf et al., 2012). As Bissell and Aggeler (1987) explained, the 
ECM is made by its own cells, which are entrapped in the matrix, and can affect the 
amount of DNA material, synthesis, and expression of proteins. As a natural 
environment that is engineered by the cells themselves, the ECM provides the 
optimum condition and the microenvironment for the cells, growth factors and
nutrients to be delivered to the cells. Although most of the component that constitute 
the ECM can be isolated, such as collagen, hyaluronic acid macromolecules and 
other proteins, the complexity of ECM at its different length scales, from nano to 
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micro cannot be synthesised yet nor can it be fully characterized using the current 
technologies (Badylak, 2007).
Valentin et al. (2006) identified the potential of individual ECM components
of an ECM and stated that each has a specific effect on the response they generate.  
They argued that the composition of the ECM post-processing would determine its 
ability to elicit a desired response. Badylak (2007) listed the available commercial 
bioscaffold materials that are made of extracellular matrix and are available in the 
market. Reviewing the variety of these biological materials, it is apparent that their 
influence on cells would be quite varied leading to different functional outcomes.
For example, Metcalf, Savoie Iii, and Kellum (2002) reported significant increase 
like with the mobility and strength in the receiver of the graft while John, Bandi, 
and Santucci (2006) found no major advantage in such application. However 
according to a review by Benders, et al. (2013), it can be noted that all these ECM 
materials share the same advantages of containing superior biochemical cues,
biocompatibility with the host environment and biodegradability in vivo.
The inclusion of growth factors is known to facilitate the successful 
promotion of remodelling, host cell infiltration and the process of new host matrix 
formation. These growth factors play a significant role by upregulating
differentiation (Schwarz, Elsaesser, Koerber, Goldberg-Bockhorn, Seitz, 
Bermueller, Durselen, et al., 2012), mediating degradation (Zantop et al., 2006),
and recruiting and repopulating of host cells in vivo (Badylak et al., 2001). Apart 
from the fact that the remodelling capacity is a key characteristic of any scaffold 
material, sterilization of synthetic scaffolds has always been a challenge for
biomaterial scientists since by-products remain and alteration to the material may 
occur. According to Sarikaya et al. (2002), ECM bioscaffolds have the intrinsic 
property of being antimicrobial. In their study, they tested the ECM material as a 
substrate against both Gram-negative and Gram-positive bacteria (Sarikaya, et al., 
2002). It was demonstrated that the presence of antimicrobial peptides kept the 
remodelling area clean from attacking pathogens.
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2.7.1 Bioinductive characteristics 
According to Daly et al. (2012) the fate of a biological material at the very 
end point in vivo can be determined by its immunological characteristics which in 
turn predicted by identifying and evaluating its bioactive molecules. Daly, et al. 
(2012) investigated the effect of various processing methods for preparing ECM 
bioscaffolds and how they can eliminate these bioactive components some of which 
are favourable, and some of which are detrimental to the functionality and 
bioinductivity of the resulting ECM material. For instance, the presence of antigens 
proteins in the extracellular matrices can be associated with inflammatory responses 
at the host site. Reing et al. (2010) showed that the preparation methods used in 
processing ECM material can affect both biological and mechanical properties.
Despite the attempts in identifying the factors, the mechanisms with which 
the bioactivity is enhanced or diminished remains unclear. Lim et al. (2013)
demonstrated the capacity of the extracellular matrix to mimic its own 
microenvironment due to the presence of biochemical cues that are emitted by these 
bioactive elements making their existence a key determinant for constructive 
remodelling in vivo. The ability to degrade in a real biological environment make 
this kind of material even more interesting as they can act as a delivery system for
growth factors that are contained within them. Various studies have investigated 
how the gradual release of various bioactive components can boost bioinductivity 
as these elements slowly detach from the extracellular matrix (Freed et al., 1994;
McDevitt, Wildey, and Cutrone (2003); Rickey et al. (2000)).
The targeted delivery of these factors is highly demanding during the 
remodelling process as it can upregulate cellular activity (Gentili & Cancedda, 
2009) and deposition of the new matrix for enhanced remodelling (Zantop, et al., 
2006). Badylak, et al. (2001) argued that the releasing of these factors would 
maintain the aggregation of cells that are involved in the remodelling process. This 
can be accompanied by the role of the vascular system in facilitating cellular 
migration.
According to Badylak (2007), sustained bioinductivity is true for intact ECM 
bioscaffolds that are more vulnerable to degradation in the body, not chemically 
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cross-linked ones, since their longevity could introduce a foreign body to the host 
environment and result in inflammatory response triggering scar tissue formation. 
The advantage is that the maintenance of bioinductivity varies with processing 
protocols that can be adopted for treating the bioscaffold ECM material and can be 
tuned prior to implantation.
2.7.2 Regenerative capacity
While the separation of structural and functional components of the ECM is 
not of a direct relevance to this research, it is important to note that each element 
has its own unique role in achieving an enhanced tissue reconstruction and 
remodelling. For instance, Singh and Schwarzbauer (2012) investigated the role of
Fibronectin, the dominant protein of cartilage ECM, in directing cell differentiation
lineage and promoting chondrogenesis. Turner et al. (2013) also reported that the 
addition of NELL1, which is a signalling protein that accounts for cellular growth 
and phenotypic lineage, can improve the reconstruction of collagen bioscaffolds 
and that of the skeletal system due to its very high conserved amino acid sequence
and low antigenic potential. 
Considering the main constituent of the ECM i.e. collagen, the superiority of 
the ECM as a biomaterial is that, apart from collagen II, which is the most abundant 
protein in cartilage, the cartilaginous ECM has other types of macromolecules in its 
collagenous domain, even in sparse amount, which provide a distinctive
functionality for the ECM as a highly advanced functional material for tissue 
regeneration; namely, collagen IV: a ligand for endothelial cells (Kanie et al., 
2012); collagen VI: a functional proteins that bind to collagen I (Tillet et al., 2002);
collagen VII: the key element for keratinocytes to attach to the membrane (Dayal 
et al., 2014).
This combination of collagen macromolecules with such a variety in the 
matrix is undoubtedly accounted for by its impressive bioinductivity and illustrates
how difficult it would be to mimic such a constructs with current micro or 
nanofabrication technologies. This complex structure provides a perfect condition
for cell growth when other supporting biological ingredients are added during 
culture such as fibronectin, which is responsible for cell attachment (Hodde et al., 
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2002), laminin, which is responsible for reconstruction and preservation of vascular 
tissues (Werb et al., 1999), and glycosaminoglycans (GAG), which play imperative
roles in binding of growth factors and gel-like characteristics of the ECM (Jia et al., 
2012).
2.7.3 Preclinical effectiveness
The history of research conducted on evaluating the effectiveness of 
biological scaffolds in vivo demonstrates the promising path toward their real 
clinical application (Badylak, 2007; Badylak, et al., 2009; Cornwell, Landsman, & 
James, 2009). Kulig et al. (2013) reviewed how fast extracellular matrices prepared 
from donated tissue are progressively being used to stimulate soft tissue 
remodelling. The advantage of using such biological material is that they not only 
provide the support for remodelling but they deliver biochemical and biological 
cues to host cells at the recipient site of the defect. As has been listed in previous 
sections, however, rigorous assessments are still needed for better understanding of
the mechanism with which the cells can be directed to function properly after 
implantation. 
There are numerous studies that covered the remodelling process and its 
mechanism (Tosun & McFetridge, 2013). So far, we know that at the defect area 
where the implants are inserted, there is a deep infiltration of cells via the blood or 
other body fluids that are present. By 72 hours, the cell migration is almost 
complete, and new blood vessels are formed. After two weeks, the cells
proliferation accelerates, and the blood vessels appear, the implant deteriorate 
away, assuming that it is biodegradable, and new matrix forms to begin the 
remodelling process. Meanwhile, the cell infiltration reduces and specialized cells 
appears to align according to the biomechanical signalling (Wolf, et al., 2012).
As records have shown, the concept of employing extracellular matrices as a
replacement material for tissue repair has existed for years (Piechota et al., 1998).
Many patients have received decellularized matrices originating from donated 
organs that are aimed for clinical application. In one study, for example, (Sun et al., 
2011) explored the efficacy of decellularized ECM sheets on 31 patients with deep 
burn wounds. Nevertheless, the clinical outcomes are not yet as satisfactory and a 
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number of variables need further anticipation, namely, the best tissue source from 
which the ECM bioscaffolds should be derived, the adverse immune response when
xenografts are involved, and the feasibility of manufacturing the matrices into 
applicable constructs with optimal biomechanical and structural characteristics.
2.8 XENOGENEIC EXTRACELLULAR MATRICES
The literature demonstrated that xenografts have the advantage of being 
independent of the donor’s age, size, donation site, and even the species from which 
they are derived, making them the most abundant and accessible of all transplants
(Shibuya & Jupiter, 2015). However, the transmission of bioactive material that can 
cause diseases or rejection in the host remains a hurdle. Many studies have 
attempted to investigate the protocols that can eliminate bioactive components such 
as heterologous cells, xeno-antigens and DNA material while preserving those that 
are essential for ECM’s proper functioning such as collagen helical 
macromolecules and water absorbing proteoglycans (Crapo, Gilbert, & Badylak, 
2011; Gilbert, 2012; Gilbert, Sellaro, & Badylak, 2006a; Ponce Márquez et al., 
2009).
Keane et al. (2012) addressed the adverse consequences of the 
decellularization process on the natural organization and physiological 
functionality of tissues intended as bio-inspired scaffolds. Badylak (2004a) reported 
that these constructs can be obtained from various tissues, and the composition of 
the resulting material can vary due to the presence of different bioactive 
components that constitute the intact matrix, thereby, rendering the development of 
an optimum and consistent treatment protocol even more challenging.
The harsh treatment can result in the loss of the essential elements for 
biological and biomechanical functioning of the ECM, which determine the 
remodelling and regenerative capacities of these constructs.  The quality of 
biomechanical cues, biochemical signals, oxygen exchange, and inherent gene 
expression patterns depends on the processing protocols adopted, with significant 
impact on the fates of the cells that are seeded for regeneration; this relationship 
was demonstrated in the research on how cellular activities, such as attachment and
46 Chapter 2: Literature Review
migration, can be affected by matrix composition and structure (Boudreau, Myers, 
& Bissell, 1995).
Bourgine et al. (2013) argued that current methods of decellularization 
adversely affect the ECM and damage its biochemical and biomechanical 
properties, and to overcome the limitation, they deliberately activate cell death in a 
selective manner with the aim of enhancing the physiological and functional 
characteristics of seeded cells. As has been noted in previous sections, ECM 
components have been used to up-regulate cell and boost the remodelling process,
so it is not always the case to switch on and off a particular element. According to 
Badylak (2004b), multiple coiling proteins like amino acids can be adversely 
affected during the processing, blocking the proper functioning of the decellularized 
ECM. As a bioscaffold, therefore, ECM constructs must have the capacity to
mediate host response toward regeneration as opposed to rejection and degradation.
2.8.1 Immunogenic response 
As has been reviewed so far, ECM is a promising candidate for tissue 
regeneration since it has all the bioactive elements and physio-mechanical 
signalling for cellular activity such as attachment, migration and differentiation. 
However, for xenogeneic ECM sources, the xeno-immunogenicity of the material 
needs to be adequately assessed prior to implantation, or else immune rejection 
would be an inevitable consequences (Badylak, 2004a; Badylak & Gilbert, 2008;
Kawalec-Carroll, et al., 2006).
Many have attempted to tune or eliminate this inherent xeno-immunogenicity.
For example, Park et al. (2013) showed that it is possible to prepare porcine liver 
into an immunogenic-reduced and biocompatible ECM bioscaffold. Although their 
decellularized constructs induced negligible host reaction and biodegraded in 10 
weeks, they could not adequately explain the mechanism of the host’s response. 
Seeing the glass as half full, it can be argued that intact ECM material can result in
a host’s response that stimulates cell to infiltrate, scaffolds to degrade faster, initiate
new matrix, and ultimately regenerate with the natural organization of the tissue.
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2.8.2 Choosing bio-inspired scaffold characteristics
As has been described in Section 2.7, the ECM has a unique combination of 
molecules arranged in a unique spatial configuration and separating the ECM into 
individual components is not meaningful since many of these molecules contribute
cumulatively to its overall characteristics. Given this, the question is that in 
preparing xenogenic ECM bioscaffolds, how much of these bioactive element 
should be preserved in the final product in order that the resulting material can act 
as an effective scaffold and survive the host’s immunogenic response for rejection.
Badylak (2002) detailed the consequences for xenogeneic and allogenic ECM 
structures that are processed using chemical reagents, stating that the outcomes can 
be completely different, sometimes opposite, for example, from being a rapid 
degrading material that leads to constructive remodelling in the host to that with 
slow fibrous encapsulation and degradation with susceptibility to inflammation and 
immune rejection. As a result, though the ECM has been presented as a promising 
bioscaffold material, its preparation method can dramatically alter its responses.
2.8.3 Selection of additional materials to enhance the properties of 
bioscaffold 
It has been delineated that ECM bioscaffolds can be manipulated using 
various treatment protocols to eliminate the undesirable factors that lead to an 
immune reaction in the host. They can be tuned to target host response changing 
the adverse reaction to that promoting remodelling instead (Evren et al., 2010;
Turner, et al., 2013; Wang et al., 2007). However, during the processing steps, ECM 
may lose essential factors such as hydrated proteoglycans and growth factors that 
maintain biomechanical viability and promote constructive remodelling. As the 
donated tissues from which the ECM are to be derived contain cells with their intact 
surface antigens, they too must be eliminated if the ECM is from the xenogeneic 
source.
The implantation of decellularized ECM materials presents two distinct 
options, namely, to seed the acellular ECM with site-specific cells or to use it as is. 
This arguably depends on the desired functionality and more importantly on the 
host tissue’s physiological functioning, for example, whether the implantation site 
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is a load bearing area in case of musculoskeletal tissues or whether the 
vascularization system is nearby to deliver cells and other factors via blood or body 
fluids. The first thing to consider for including cells is the cell source. The second 
is the conditioning of the constructs to accept cell homing prior to implantation.  
The records have shown that xenogeneic ECMs bioscaffold have been used either 
way in clinical application as a replacement (Huber et al., 2003), or as a biological 
substrate for in vitro conditioning of cells (Lindberg & Badylak, 2001).
2.9 TOWARD OPTIMUM DECELLULARIZATION PROTOCOL
2.9.1 Effective washout
There are various studies on decellularization procedures that are aimed at 
creating complete xenogeneic bioscaffolds which would be biocompatible with the 
host immune system (Kasimir et al., 2006; Ponce Márquez, et al., 2009). These 
studies demonstrate that not all treatments can result in an acceptable outcome. The 
preparation steps should be designed in a way that not only decellularizes the ECM 
to a non-immunogenic state but also maintains the biomechanical and physiological 
functioning of the constructs to act as a viable replacement material.  Among what 
have been reviewed so far, decellularization has been introduced as a typical 
preparation step that removes DNA material from a tissue to provide a compatible 
material as an implant. Woods and Gratzer (2005) reported that adequate 
mechanical and biochemical properties must be maintained for the decellularization 
process to be considered successful.
According to Liao, Joyce, and Sacks (2008), incomplete and unsuccessful 
decellularization could worsen the consequences of the chemical treatment since 
dead cells that remain within the treated matrix can later trigger deleterious 
biological reactions leading to inflammation and other local reactions in the host 
environment. To alleviate the situation, McDevitt, et al. (2003) suggested a simple 
decellularization processing step which includes extensive rinsing in hypotonic 
saline and incubation with non-ionic detergents that can wash-out cells and DNA
material as well as their residues. They showed that such a process would leave the 
constituent growth factors intact while leading to a host response which would be
different to those of intact tissues due to the presence of the residues.
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Basically, decellularization aims to eliminate all DNA materials that can 
provoke the immune system whilst diminishing the bioactivity to a desirable level.
The objective does not include preserving structural and mechanical viability in the 
treated tissue engineered construct. In a review published in the Frontiers in 
Bioscience, Cooper (1996) explained that when tissues of a xenogeneic source 
(pig), are implanted into humans or primates, they will be rejected within minutes 
dues to the presence of an antibody identified as “Gal alpha1-3galactose epitopes”. 
However, according to Cooper (1996), attempts have been made to resolve this 
hyper-acute rejection, namely, by developing recipient inhibitors, transgenic pigs, 
or immunologically tolerant receiver. According to Badylak (2004a), the epitope 
was expressed on the cell membranes of all mammals except Cercopithecidae and 
humans. 
Schussler et al. (2001) suggested that even traces of Gal-epitope can lead to 
the rejection of transplants depending on the tissue’s source among which some 
are less antigenic than others (Chen & Adams, 2001). An advantage with 
implanting decellularized ECM constructs though, is that due to avascularity, 
endothelial cell lysis, thrombosis and ischemia would not occur after implantation, 
and hence the recellularization is accompanied by host-derived cells (Raeder et al., 
2002). According to what has been reviewed, it seems that regardless of the
decellularization method, no matter how intense the procedure is, complete removal
of cell membrane and nuclear residuals without disturbing the natural organization 
of the ECM is still difficult to achieve.
2.9.2 Mechanical viability
For a decellularization protocol to be optimum, the intended destination of 
the bioscaffold must first be determined. For example, if it is to experience 
compressive or shear stresses, in a load-bearing joint, then it has to be strong enough 
to maintain its mechanical viability till the remodelling is complete. The treated
ECM does not have the mechanical integrity to act as a load bearing component and 
for soft tissue engineering application measures need to be taken into account 
during the preparation steps to make up for its mechanical inferiority like physical 
or chemical reinforcement, since chemical treatments can further weaken the 
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matrix. Many studies have investigated the adverse effects of decellularization on 
the mechanical integrity of ECM materials and many have attempted to save or 
compensate for the induced impairment such as for the biochemical content, 
biomechanical strength and the ability to accept cellular activity (Reing, et al., 2010;
Williams et al., 2009; Witzenburg et al., 2012).
Yang, He, et al. (2008) reported that despite their greater mechanical strength,
chemically cross-linked ECM-derived matrices or bioscaffold are susceptible to
mechanical failure since they often lack the ability to remodel adequately in the host 
environment. Yang, He, et al. (2008) noted that the ECM scaffolds harvested from 
xenogeneic sources without cross-linkage possesses remarkably consistent 
properties, namely, extensive neovascularization, cell infiltration and laying of new 
matrix with the propensity for full remodelling. Benders, et al. (2013) explained 
that using acellular ECM scaffold for the regeneration of narrow cylindrical
constructs in bone and cartilage can be problematic since, they are unable to uphold
a structural form leading to breakdown during remodelling. The reviews suggested
that incorporating cells might help in developing more robust and viable ECM 
constructs indicating that the addition of scaffold-like characteristics would be 
beneficial, in general.
Chin, Khayat, and Quinn (2011) investigated the characterization of 
cartilage’s mechanical properties using a combination of stress relaxation and creep 
tests. Slivka et al. (2001) suggested that the marked changes in biomechanical 
properties of the collagen network components can be used to assess the quality of 
cartilage remodeling. They investigated the impact of physiological conditioning,
fabrication technique, mechano-structural characteristics, fiber alignment, and
viscoelasticity to validate their findings. Schmidt and Baier (2000) portrayed how 
the preparation of such a construct requires several processing steps i.e. removing 
cellular and DNA materials, all of which can markedly affect the natural 
architecture of the matrix and its mechanical integrity (Schwarz, Elsaesser, 
Koerber, Goldberg-Bockhorn, Seitz, Bermueller, Durselen, et al., 2012).
Meanwhile, minimal disruption of such a structure is typically in demand during 
the process of decellularization or sterilization. The resulting treated tissues are 
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likely to have an acceptable biomechanical performance and structural integrity 
identical to the organs from which the tissues are harvested.
2.9.3 Scaffold-like characteristics
In the previous section, it was noted that many researchers have argued that 
by definition, scaffolds, in general, are expected to contain living cells. The 
arguments were based on the idea that the survival of an implant depends on the 
sustained viability of these cells before and after implantation (Czitrom, et al., 
1990). According to Vinatier et al. (2009), the question that remains unanswered is 
that whether or not cells should be seeded in vitro prior to implantation or migrated 
from the host to the construct post implantation (in vivo). For the latter to happen, 
two things are required. First is that there must be a medium with which the cells 
are carried to the defect area and inside the implant. 
This means the involvement of the vascular system and the presence of blood, 
or it can be facilitated by another type of medium such as synovial fluid for example 
if the implant is in a joint. Regardless of the situation, for an acellular implant, the 
key requisite is that it can accept the migrating cells in the first place so that the 
delivered cells can home, proliferate and then differentiate to lay new matrix and 
regenerate the tissue from within the implant. In other words, in the case of 
cartilage, for instance, this principle elaborates on the fact that, unlike the situation 
in bone, it is not adequate to bring in the construct in an acellular state. The 
transplant must contain cells capable of chondrogenesis and of maintaining the 
structural integrity of the matrix through their sustained viability. 
Badylak et al. (2003) reported that based on the decellularization protocol, 
even if the ECM bioscaffold loses bioactive molecules, it can still support cell 
growth. According to their findings, tissue damage leading to ECM degradation 
would release products that can attract host cells capable of tissue reconstruction 
and also resisting bacterial infection. Schwarz, Elsaesser, Koerber, Goldberg-
Bockhorn, Seitz, Bermueller, Dürselen, et al. (2012) reported that the key argument 
in creating such bioscaffolds is to “provide an adequate microenvironment to ensure 
chondrocyte migration”. They showed that growth factors can significantly affect 
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synthesis of ECM proteins and that decellularized matrices could act as a perfect 
platform for chondrocytes in terms of attachment and passage through the matrix. 
Regardless of the treatment option, the fundamental question remains whether 
the acellular constructs needs cells prior to or after implantation. Pei et al. (2011)
found that if the cells of the host are seeded prior to the implantation, the new cells 
which might travel across to the implant have a higher chance of directing their 
lineage toward an appropriate terminal differentiation. In such a case, the new 
matrix would essentially be excreted by the cells inside the matrix that may favour 
the cellular activities in turn. As scaffold materials are in need for various tissue 
engineering applications, a novel design consisting of highly porous materials, with 
precise control of pore features like volume porosity, interconnectivity and 
geometry have been investigated.
Various biomechanical assessments have been carried out specifically on 
cartilage matrix in search of a guideline for matching the constructs that can serve 
as a functional scaffold. Benders, et al. (2013) reported that the formation of this 
new matrix depends on the capacity of the bioscaffold in accepting cells and 
sustaining their viability so that they can respond to the biomechanical or 
biochemical cues later in vivo. These promote the attachment, proliferation and 
migration of the cells to finally results in a tissue that possesses the natural 
biomechanical strength and resilience of the host tissue. In contrary to the consensus 
that cells must be included prior to the implantation, Turner et al. (2010)
demonstrated that the results in any case would be independent of the tissue source
since the ECM construct would be eventually recellularized by host cells and
ultimately replaced by the host tissue environment.
2.10 DECELLULARIZATION FOR JOINT REPAIR 
Orthopaedics is one of the areas that has received the most benefits from the 
introduction of ECM bioscaffold (Datta et al., 2005; Volpato et al., 2013; Zhao et 
al., 2013). The constituents of the constructs so far produced demonstrate the
potential to remodel completely in environments that are similar to the 
physiological environment of the host. A number of studies on these 
replacement/scaffold materials have provided confidence that they could be as 
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effective for the reconstruction of cartilage (avascular) and bone (vascular) as for 
other organs (most of which are vascular) (Badylak, et al., 2009; Benders, et al., 
2013; Kheir et al., 2011a; Yang, Peng, et al., 2008; Yang et al., 2010b).
It is, however, noteworthy that while there is a growing amount of literature
on the decellularized ECM-based bioscaffold for both bone and cartilage tissues,
the latter has received less attention and hence success compare to bone. It is 
arguable that this is due to notions of the potential limitations that could be imposed 
by its avascularity and poor capacity to heal, and the arrangement of the tissues of 
the joint where the laminate structure is that of vascular-avascular system. The 
requirement to produce this type of laminate for simultaneous bone-cartilage 
replacement and cartilage through the decellularization process is imaginably more 
challenging than targeting a single tissue.
2.10.1 Application to cartilage
As has been noted, a major challenge in cartilage tissue 
engineering/regeneration is its avascularity. One idea is to maintain the presence of 
bioactive molecules in the constructs that are to be implanted to make up for the 
absence of the essential element. Chen et al. (2012) showed that the addition of
ECM particles from osteoarthritic patients significantly directed chondrogenic 
differentiation. The finding proves that the bioactive components not only 
upregulates cellular activity but could determine cell fate/decision. In a novel 
attempt, Ghanavi, Kabiri, and Doran (2012) processed cartilage micro particles in
cell suspension to fill focal defects in joints, attesting to the possibility of  achieving
enhanced chondrogenicity.
However, for xenogeneic sources, due to the dense structure of collagen fibres 
and the packed microarchitecture of their meshwork, decellularization of the ECM 
need to be more intense when cartilage is the source compare to when more porous 
tissues like bone are processed. The intensity of the processing, however, should be 
applied with adequate care. Elder, Eleswarapu, and Athanasiou (2009a)
demonstrated the relationship between the concentration of the reagent in the 
decellularization process and the structural weakening of the ECM due to the 
depletion of GAGs that in turn compromises the mechanical viability.
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As an alternative way, decellularized ECMs material can be used as 
biomaterials which can be then fabricated into different scaffold shapes. Schwarz, 
Koerber, Elsaesser, Goldberg-Bockhorn, Seitz, Dürselen, Ignatius, Walther, et al. 
(2012) introduced such a decellularized system as a biomatrix for cartilage repair 
in the joint. Yang et al. (2010a) showed that the lyophilized cartilage matrix can 
serve as a scaffold to regenerate hyaline cartilage when combined with MSCs. As 
has been listed, these ECM constructs have been used in cardiovascular and 
different reconstructive surgery applications, however, recent reviews feature the
future trend of such bioscaffold application for the repair of cartilage and bone 
(Benders, et al., 2013), thereby underlying the philosophical basis of this thesis.
While this thesis makes reference to both cartilage and bone regeneration as an 
integrated system, the primary focus is on articular cartilage.
2.10.2 Chemical intensity in decellularization 
Following the literature reviewed above, the processing procedure aimed at 
decellularizing articular cartilage can adversely affect the viability of the resulting 
ECM for in vivo regenerative functionality.  Ma et al. (2013) reported that the 
preparation process for such xenogeneic sources can cause postoperative 
difficulties due to the absence of chondrocytes. They reported that ineffective 
decellularization can cause host immune response, and the intensity of the treatment
is an important factor in developing ECM-based bioscaffolds. According to the 
literature, it seems that there is a fine line between harsh and mild decellularization. 
Many authors have attempted to introduce a guideline for the right 
decellularization intensity. Schwarz, Koerber, Elsaesser, Goldberg-Bockhorn, 
Seitz, Durselen, et al. (2012) published a method that completely decellularizes 
cartilage showing that not only growth inhibition and cytotoxic effects could not be 
spotted in their bioscaffolds but also new cartilage matrix was formed. Ma, et al. 
(2013) claimed that they tuned a decellularization protocol to achieve complete cell 
removal and well-preserved extracellular matrix. However, Ghanavi, et al. (2012)
concluded that since the amount of cellular material is unknown after treatment, 
there can be no fixed protocol to adjust the intensity of the optimum 
decellularization required.
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2.10.3 Preservation of mechanical stiffness of decellularized constructs
In cartilage, the flexibility and stiffness are equally important for the
cumulative functionality of the tissue as a load-bearing/load-spreading and 
articulating construct. Guilak (2011) explained the significance of the two 
characteristics at cellular level elaborating on how they reflect on the tissues 
macromechanics. Any change induced by the key physiological element would 
transfer to the matrix micromechanics and eventually influence the 
macromechanical behaviour. The alteration can easily happen during the 
preparation steps of decellularized ECM cartilage bioscaffold. Kheir et al. (2011c)
observed how decellularization steps with detergent or enzymes can lead to the
removal of cellular materials, water depletion and dehydration of the ECM into a
less dense collagen meshwork.
Researchers have been detailing how the processes of harvesting and
decellularizing might affect the hydration condition and configuration of the 
collagen meshwork leading to its biological and mechanical failure (Liao, et al., 
2008; Reing, et al., 2010). The disruption is not at all specific to decellularization. 
The adverse effects can be induced by terminal sterilization or other preparation 
steps. Badylak, et al. (2009) reported how freeze–thaw cycles can disrupt the 
collagen network in cartilage ECM.  Kheir et al. (2011b) reported a similar 
dependency of biomechanical integrity on GAG synthesis. Their biomechanical 
indentation testing showed notable impairment associated with the reduction in the 
glycosaminoglycan content.
The biomechanical performance of the ECM construct will depend on various 
factors, namely, the processing protocol for decellularization, the implantation site,
whether the site is load bearing, and if degradation occurs. Albeit, the properties of 
the resulting product will be inferior to that of the original tissue. This is now 
accepted as a fact that the biomechanical environment of the cell, in term of the 
mechanical characteristics of the biomaterial in which the cells are embedded and 
the conditioning of the whole composite system, can significantly influence lineage.
Engler et al. (2006) showed how MSCs presents osteogenicity in the stiffer
environment as opposed to the neuronal lineage in response to ductility. Reing, et 
al. (2010) tested various decellularization protocols and reported that all the 
56 Chapter 2: Literature Review
processing steps that have been appraised can more or less affect the ECM’s
biomechanical performance.
Among the various existing protocols for treating ECMs, there is a balance 
between their strength and the effectiveness. Elder, Eleswarapu, and Athanasiou 
(2009b) reported that even moderate decellularization treatments that can result in 
complete cell removal, decrease in GAG content and compressive properties. 
Crapo, et al. (2011) suggested that both detergent-based and enzymatic protocols 
can be used for removing cellular materials as well as peptides, DNA, and RNA
residues. Gilbert (2012) showed how these processing steps can easily lead to cell 
death, and ECM collapse  which allows easier parting of cellular residue with
chemical treatments. 
It is understood that mechano-structural characterises of the ECM bioscaffold 
is unique and needs to be well-preserved since it not only translates into the macro-
mechanical functioning when the joint is under load, but also provides signals to 
the residing cells to react in concert. The approach followed in this thesis would,
therefore, emphasizes on saving the cartilage ECM and keeping it in its near-
physiological condition so that it would be more a xenotransplant rather than a 
scaffold; nevertheless, the need for biomechanical viability is still a requirement 
that necessitates specific attention and in line with other ongoing research in 
published literature on ECM-based bioscaffolds. 
The literature reviewed above has clearly demonstrate the feasibility of
decellularization protocol for creating cheap and fairly inexhaustible source of 
ECM constructs, which could then be used as responsive bio-inspired scaffold 
materials. However, the biomechanical and physiological requirements of the ECM 
construct need to be taken into account, particularly when mechanical forces are 
expected during function, for example, cyclic loading of joints associated with daily 
work. Benders, et al. (2013) suggested that combining and reinforcing the 
decellularized ECM material with a stronger synthetic compartment could
potentially enhance its overall biomechanical performance.
As far as the author is aware, this is a different approach that could probably 
produce a viable hybrid solution to the ECM-only based methods. The addition of 
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synthetic material would bridge the delicate nano and microstructural features that 
are preserved in the treated ECM bioscaffold. However, further analysis, suggests 
that the repair of osteochondral defects might pose additional challenges. Such 
challenges are readily observed through the extraction of quantitative data together 
with qualitative appraisals, particularly, for constructs with complex structures such 
as cartilage, that provide detailed information of tissue structure following 
decellularization.
Researchers have developed various methodologies for visualizing and 
analyzing the spatial architecture of tissue components that can lead to quantitative 
outcomes (Zhuo et al., 2007). Relevant to the current study is the application of 
segmentation algorithms that has resulted in an accurate determination of the shape
and alignment of features such as the length of open and closed edges, areas and 
perimeters (Tower, Neidert, & Tranquillo, 2002; Zhou & Zheng, 2008). The 
proposed methods can detect two-edged lines regardless of the segment thickness
enabling the extraction of elements from a single image that includes features of 
different length scales. Novel algorithms have also been proposed leading to many 
attempts at facilitating the detection of curved linear segments that usually 
characterise fibrous tissues (Duda & Hart, 1972). To enhance such algorithms, code 
editors like Matlab are known to be most advantageous as they deliver utmost 
flexibility and platform for developing purpose-built processing scheme (Chen & 
Kegl, 2007; Kim et al., 2011).
Extending the limits, Millard et al. (1998) demonstrated the validity of 
frequency domain analysis to evaluate trabecular bone structure, and the 
corresponding biomechanical properties using fast Fourier transform. Similar 
analyses were used to characterize fibrillar constructs (de Campos Vidal & Mello, 
2009). Pourdeyhimi and Kim (2002) applied the Hough transform to detect fiber 
edges in a novel work to extract fiber alignment of simulated nonwoven meshes.
However, they reported that Hough-based algorithms are too much dependent on 
the choice of filter and face multiple issues for the determination of fiber orientation 
including slow processing speed, blurriness and pixelation. They suggested the use 
of Fourier-based algorithms for quantitative image analysis of fiber orientation with 
which on-line processing is also possible.  
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Duda and Hart (1972) previously noted the deficiency of Hough transform 
analysis in that the curved linear segments tend to be excluded from detection and 
that the calculation when the lines constitute one division are not reliable. Bi et al
demonstrated the validity of the fast Fourier method to measure fiber orientation 
(Bi et al., 2005). Fast Fourier transform (FFT) was also used for detection of 
periodic frequency distributions in the various SEM images, in particular, cartilage 
(Sivaguru et al., 2011). Many of these methods can be utilized to add rigorous 
quantitative scale in appraising the microstructure of tissue materials for 
determining the effect of different processing steps on the morphological features 
of the samples that can be detect using imaging techniques .
2.11 PRECLINICAL RESEARCH
2.11.1 Targeting vascular and avascular systems
To target the bone and cartilage simultaneously, the first thing to consider is 
that the chondral-bone integration timing matches. Gerhardt et al. (2013) noted that 
during the remodelling phase, both the decellularized cartilage and bone can 
promote tissue growth on subcutaneous implantation, suggesting that it is 
advantageous to target both tissues with a single model. Yang et al. (2011)
demonstrated that seeding MSCs on such constructs could lead to full regeneration 
of hyaline cartilage after six months in vivo. Kang et al. (2011) argued that both 
tissues have the potential to regenerate with a similar trend. 
In preparing decellularized bone and cartilage constructs, the cartilage part is 
the most vulnerable and sensitive to the intensity of the treatment as has been 
previously explained. Reing, et al. (2010) demonstrated that any physical change is 
manifested by the disruption of the extracellular matrix microarchitecture. Liao, et 
al. (2008) investigated the impact of the governing parameters involved in 
decellularization such as the nature of the reagents used, time of exposure and the 
intensity of the treatments on the extracellular matrix structure, mechanical 
properties and cytocompatibility. They reported that both enzymatic and detergent-
based protocols downgrade the structural integrity from supporting cell growth in 
vitro, whereas, Reing, et al. (2010) argues that non-ionic detergents, for instance,
could upregulate cell growth capacity.
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According to Gilbert, Sellaro, and Badylak (2006b), the organ from which the 
ECM bioscaffold is derived, the decellularization methods and the sterilization 
technique can differ widely. These parameters would arguably affect the 
arrangement and microarchitecture of the ECM and accordingly affect the 
consequences of implantation in vivo (Reing, et al., 2010). Table 2-1 listed the most 
common decellularization protocols in reference to the literature. As has been 
noted, most of the methods reviewed can disturb cell membrane. Most physical 
treatments are inadequate for complete cell removal and, therefore, must be 
followed by a chemical treatment according to Courtman et al. (1994). Among the 
Table 2-1 List of common decellularization protocols and their impact on tissue 
Protocol Tissue Biochemical 
evaluation 
Biomechanical 
evaluation
Reference
1% Triton Human 
cadaveric joint 
GAGs, 
Collagen II
removal
Not reported Yang et al 2008
2%Triton,
1, 2% SDS
Distal femur of 
male calves
Presence of 
GAGs & 
Collagen
Varying loss 
in modulus 
Poisson ratio 
Elder et al 2009
1% SDS Adult hybrid pig 
ear
No DAPI-
positive
nuclei
Lacunar 
structure; 87% 
restored 
Gong et al 2011
0.1w/v 
SDS
Porcine femoral
condyle
low GAGs; 
intact 
collagen
Compact 
tangential 
layers; Loss in 
modulus
Kheir et al 2011
0.5% 
Triton 
0.1% SDS
Procine and 
human knee 
cartilage
high GAG 
removal 
maintain the
structure;70% 
reduction in 
stiffness
Schwarz 2012
0.5w/v 
Trypsin
1% Triton 
Bovine knee 
joint
No DNA 
and slight 
GAG
reduction
Net-like 
structure 
porosity
Yang et al 2010
0.5% 
Triton 
0.1% SDS
Human knee 
cartilage
GAG
removal;
lacunae 
Alignment of 
chondrocytes; 
70% decrease 
in modulus
Schwarz 2012
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chemical treatments, enzymes like trypsin or ionic detergents like SDS and triton, 
can disrupt extracellular and intercellular bindings (Miot et al., 2005).
The decellularization can lead to extensive disturbance of the collagen
meshwork, which in turn is an important side effect when the aim is to produce 
adequate collagen rich xenographic implants. Liao, et al. (2008) reported that 
nonionic detergents have a more gentle impact on tissue microarchitecture 
comparatively. According to Zheng, Lu, et al. (2011), these reagents can cleave
lipid to lipid and lipid to protein connections, leaving the protein to protein 
untouched thereby maintaining functional configuration.
Reing, et al. (2010) reported that ionic detergents, on the contrary, are useful
for breaching cell membranes, nevertheless, are likely to deplete core proteins. 
Considering the nature of cartilage and bone system i.e. avascular and vascular, it
can be argued that a rigorous assessment of the post-treatment architecture, 
structural organization and mechanical characteristics would be a key step in the 
creation of a construct that can serve as a tissue-based donor-receiver implant for 
application in the treatment of focal joint defects.
2.11.2 Sterilization of treated tissues
To be able to maintain the physical characteristics of the biological matrices 
as much intact as they are received after decellularization, all the following 
preparation steps up to the time of implantation must too preserve the condition of 
the collagen membrane similar to those achieved in preceding steps. One of these 
crucial steps that any implant would go through is sterilization, which further 
remove the transmissible agent from the construct before they enter the aseptic site
of the implantation in vivo. According to Schwarz et al. (2012), sterilization is as 
much important in achieving a functional xenogeneic cartilage biomatrices as the 
decellularization steps. It has the same magnitude of impact on both the collagen 
structure, matrix porosity and cellular behavior as the decellularization has. 
That is why most of the rigorous and thorough studies that have been 
conducted on decellularized cartilage bioscaffold covered the effect of terminal 
sterilizations simultaneously (Badylak, 2004a; Reing, et al., 2010; Supronowicz et 
al., 2008). Maintaining transplatability is a goal that urge researchers to seek new 
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sterilization techniques that can be applied to human organs and tissues. Currently, 
a group of sterilization methods are based on irradiation with high doses of beta and 
gamma rays. Faraj et al. (2011) investigated the adverse effects of these radiations 
on collagen-based scaffolds and concluded that they both can alter the chemical and 
physical proprieties of the constructs. It has been shown that the irradiations could 
comprise both the structural stability and functionality of the scaffold by increasing 
collagen degradation and decreasing it denaturation temperature. 
For cartilage alone, sterilization is not a problem. However, the chondrocytes 
trapped within the matrix could trigger an immune response. The problem here 
arises when the two tissues are combined together to generate a single construct, 
specifically, a system like the proposed cartilage on bone laminate. In other words, 
the contrast between the nature of the two tissues (i.e. vascular and avascular) could 
lead to different reactions that require separate and incompatible control measures 
between the elements of the laminates. For instance, it might be possible to arrest 
the immune reaction in cartilage but not in bone with the same control or 
sterilization measure and vice versa.
Sterilization of equipment and organs is a common clinical practice, and there 
are different aseptic practices of chemical, mechanical or electromagnetic
techniques for inactivating micro-organisms of all forms for biological materials. 
According to Baker, Ronholdt, and Bogdansky (2005), tissue banks have their 
specific protocols and procedures to clean and inactivate microorganisms from 
tissue materials. For example, ethylene oxide is a recognized substrate for effective 
sterilization of skeletal transplants due to its penetrative nature. However, Holy et 
al. (2001) reported that Ethanol does not adequately eradicate hydrophilic viruses 
and bacterial spores.
Basically, ethanol at 75% concentrations can disinfect, but not sterilize, since 
it cannot eliminate hydrophilic viruses; meanwhile, simple preparation and 
application of ethanol make it a favorable, and common reagent, in laboratories 
(Shearer et al., 2006; Vastel et al., 2004). One the other hand, sterilization methods 
that would eliminate hydrophilic viruses and spores such as gamma irradiation or 
ethylene oxide gas have technical issues according to Kainer et al. (2004). For 
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example, high doses of gamma ray can damage the mechanical strength of allografts
as has been reported elsewhere (Baker, et al., 2005), or that ethylene oxide gassing 
can be ineffective when it cannot penetrate the dense microstructure of the tissue
(Kainer, et al., 2004).
The standard radiation doses are known to impair biomechanical integrity of 
bone by reducing the stiffness (i.e. stress\strain characteristics) and toughness while 
increasing brittleness (Haimi et al., 2008); identical effects have been reported when 
bone samples were subjected to freeze drying with their strength, absorbed energy 
and Young modulus reduced. Irradiation radicals can change the collagen structure 
by eliminating inter-fibrous substances and reducing maximal load bearing 
capability by 25% following irradiation of freeze-dried specimens (Bettin et al., 
1999). However, gamma irradiation has been found to reduce osteoinductivity (Hsu 
& Wang, 2006).
Akkus, Belaney, and Das (2005) attested that although gamma irradiation has 
some superiority among other methods, it damages the micromechanical 
characteristics of bone and result in clinical failure. However, they claimed that 
damage to the collagen I in bone can be controlled by reducing the number of free 
radicals generated by the ionizing radiation. The same results were reported by 
Grieb et al. (2006) and Vastel et al. (2007). These methods have also been 
associated with reports of allograft-associated infections (Nam et al., 2009; Odelius, 
Plikk, & Albertsson, 2008). Researchers have also tried using supercritical CO2 as
a better choice for preserving donated organs in a sterile state. However, White, 
Burns, and Christensen (2006) reported that it is too gentle and with its fast 
elimination of bacterial spores it is well-suited to keeping dead microbes intact for 
morphological assessments. Tanzawa et al. (2009) suggested that each of the 
methods require special equipment or control measures or else the outcome would 
be ineffective.
In our recent work (Heidarkhan Tehrani et al., 2014), we have argued that 
these methods of inducing inertness and bio-inactivity, could compromise the 
functionality of tissues by reducing mechanical strength, toughness and structural 
integrity. Haimi, et al. (2008) also reported that the conventional protocols for 
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sterilization could rigorously reduce the implants durability with the propensity for 
clinical failure. Instead, there are numerous reports of advantages associated with
successful usage of non-thermal plasma (NTP) in medical sciences. NTP has been 
used for antimicrobial inclusion (Cheruthazhekatt et al., 2010), surface 
functionalization (De Nardo et al., 2010) and for equipment sterilization (Hayashi, 
Nakashima, & Yonesu, 2011). However, few have addressed the degree of 
functional impairments that NTP can induce to the tissue-materials (Table 2-2)
(Borrelli et al., 2013; Hsiue, Lai, & Lin, 2002; Jiang et al., 2008; Lu et al., 2010;
Shimizu, Yano, et al., 2001; Sladek et al., 2004; Wu et al., 2013)
Among all, non-thermal plasma is known to be superior and efficient in terms 
of the length of time of exposure to and destruction of living micro-organisms. Lu, 
et al. (2010) reported satisfactory clinical result of cortical and cancellous bone 
grafts sterilized using low-temperature plasma (LTS). Wu, et al. (2013) reported 
complete sterility of skin tissue in 120 seconds using nonthermal plasma. One 
efficient way to generate NTP is through pulsed power, namely, a rapid release of 
stored energy in the form of electrical pulses benefiting from power electronics 
applications (Davari, Ghasemi, et al., 2012; Ghasemi, Zare, Davari, et al., 2012).
As the central idea of this thesis is that of a donor-receiver concept of 
cartilage-on-bone laminates, the closest possible surgical intervention for 
implanting such a system might be of those for the treatment of full-thickness 
cartilage defects using osteochondral grafts. These surgical techniques include 
employing cylindrical plugs consisting of the cartilage and its underlying bone to 
fill the full thickness defect similar to those used in transplanting allografts 
(Bugbee, et al., 2012), and autograft plugs in mosaicplasty (Robert, 2011a). In such
a case, similar to many other recent surgical techniques, the procedure may
significantly involve tissue engineering and biomaterial applications, thus, in vivo
experimental model must precisely consider the size of the graft, the implant 
geometry and the implantation site and the transplantation technique.
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Table 2-2 Literature review on plasma treated tissues-materials and physiological consequences 
in chronological order (Heidarkhan Tehrani, et al., 2014)
Tissue 
material
Method Effectiveness Performance Remarks Reference
Cortical 
and
Cancellous 
bone
Low 
Temperature
Plasma 
(LTPS)
No deep 
infections or 
transmission 
of the virus in
75min
60% -74% 
reduction in 
torsion and 
compression 
strength 
Satisfactory 
clinical 
results
Shimizu 
et. al
2001
Retina Hydrogen 
peroxide gas 
plasma 
(HPGP)
Serious 
retinal 
pigment 
epithelium 
cytotoxicity
20% 
reduction in 
Ultimate 
strength 
Cell death, 
deformation 
of the retinal
membrane
Hsiue et 
al, 2002
Dental 
pulpal -
tissue
Helium-air
atmospheric 
plasma
Complete 
inactivation 
of bacteria in 
90s
Not reported Minor 
heating of 
enamel in 
dental 
cavity
Sladek et 
al, 2004
Dental 
cavity 
Hollow-
electrode-
based plasma
100% killing 
of Bacillus-
atrophaeus on 
Agar in 60 s
Not reported No remarks Jiang et 
al, 2008
Bone Low-
temperature-
plasma 
(LTS)
Complete 
sterility in an 
hour
Negative 
impact 
but within 
acceptable
range
Promoted 
bone 
healing and 
immune-
suppression 
Lu et al,
2010
Human 
hair 
Sterrad
100S plasma 
sterilizer
(ASP, US)
Complete 
sterility 
Ultimate 
strength and 
modulus 
reduced by 
50%-65%
Epithelial 
cell seeding 
efficiency 
improved by 
23%
Borrelli et 
al, 2013
Skin Atmospheric 
non-thermal 
plasma
Complete 
sterility 
<120s
Epidermal 
damage and 
full-
thickness 
burn in 1min
Treatment 
for 2min at 
0.13 W/cm2 
is the safe 
threshold
Wu et al,
2013
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2.11.3 in vivo appraisal using animal models
In general, the purpose of conducting animal models is to provide a real 
physiological condition for in vitro model to be tested in a similar biological and 
histological environment to that in the human body (Reinholz et al., 2004). In the
case of articular cartilage studies, the model must replicate the joint function with 
all its biomechanical boundary conditions and loading parameters. Robert (2011a)
described how challenging it can be to evaluate functional disturbances, alignment, 
joint stability and cartilage sequences for an osteochondral defect accurately. They 
detailed an extensive list of questions that need to be answered prior to the 
treatment, namely:
x What is the size of the defect for a chondral graft? 
x Is the stress reduction provided by the graft? 
x What is the ideal site and technique for harvesting? 
x What factors affect the plug stability? 
x And what is going to be the outcome of the donor site or the 
transplanted grafts?
In term of the size of the defects, different categories can be envisaged since 
the behaviour of each model can be different from each other. The defects are 
categorized and distinguished mostly based on the depth of the defects such as 
osteochondral defects where a part of the subchondral bone at the host site is 
missing. In this thesis, the cartilage-on-bone laminate would be designed as an 
osteochondral plug so that both the cartilage-to-cartilage and bone-to-bone 
integration can be investigated. In a review done by Vaquero and Forriol (2012),
they briefly covered the challenges in working with and implantation of a different 
replacement for such an osteochondral defects. It was indicated that the main 
problem was with the integration of the chondral and bone interfaces in that even a 
small gap could hinder the congruence of, in particular, the chondral layers between 
the host and the implant (Lane et al., 2001).
Thiede, et al. (2012) reported that the results obtained in vivo can be
inconsistent and be more dependent on the duration of the study rather than the 
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treatment itself. For example, good results can be achieved in short-term animal 
models while they can be unsatisfactory in a long-run. They concluded that the 
reason might be associated with delayed immune response when implanting 
xenogeneic sources no matter how well they are prepared. Reinholz, et al. (2004)
reported that the choice of animal model depends on the investigation that is to be
carried out, the hypothesis of the research and the response for which the implants
are going to be tested. While there is no exact defect of an animal model that can 
completely be translatable to humans, the experimental design and the choice of 
defect location and sizing can determine the reliability of a given model. 
Chu, Szczodry, and Bruno (2009) investigated different type of animal 
models including canine, caprine, lapine, porcine and elaborated on the advantages 
and disadvantages of each model. They stated that since the ratio of cartilage 
thickness to bone varies in different species, for a reliable animal study the anatomy, 
structure and joint’s biomechanics of the model must be close to that in humans. It 
was previously demonstrated by Allman et al. (2001) that animal models which 
received xenogeneic tissue extracellular matrices prompted with a Th2 reaction,
which accounts for the new tissue formation and lack of rejection; however, its role 
remains unclear - what is clear though, is that this response is part of the remodelling
process which occurs without any sign of inflammatory mediators. They concluded 
that the absence of necrosis and scar formation was due to the proper degradation 
rate of naturally derived ECMs xenotransplant that resulted in complete graft 
acceptance.
2.12 SUMMARY
The intricate biomechanical and physiological characteristics of native
cartilage extracellular matrix have not yet been fully understood. Likewise, the 
biomechanical properties necessary for the success of a functional ECM-based 
construct are not known as well. According to the above literature, on cartilage and 
bone repair, there are still noticeable failures in attempts to create a viable synthetic 
scaffold for engineering of a functional system. Recent efforts in preparing 
biomimetic scaffolds have offered a beacon of hope toward the goal of preparing a
more functional construct, but these are still characterized by often deleterious 
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consequences for their content, ultrastructure and mechanical integrity of the tissue
to a considerable extent. 
As has been reviewed, many works have been conducted on decellularization 
of tissue matrices, in particular, the vascular type. However, limited research has 
been carried out on the functionality and mechanical integrity of denatured 
avascular tissues like articular cartilage on a rigorous quantitative scale. Still, many
are concerned with determining which technique can maximize the efficiency of 
cell and DNA material removal from cartilage without sacrificing its natural 
microarchitecture and mechanical characteristics. In effect capturing, quantitatively 
discriminating and comparing the consequent impact of different decellularization 
protocols on the biomechanical and microarchitectural characteristics of cartilage 
ECM, must also be a focus of any research that is aimed at treating cartilage 
matrices for tissue regeneration purposes.
The philosophical basis of this thesis is the hypothesis that a viable donor-
receiver replacement for focal joint defects can be achieved through 
xerographically sourced cartilage-on-bone laminates. This hypothesis leads to the 
identification of a significant research gap, namely that of how such a replacement 
laminate combining avascular and vascular layer can be successfully prepared for 
both physiological and mechanical functionality in a receiver. This gap is rigorously 
investigated in this thesis using a combination of in-vitro, in vivo and ex vivo tissue 
assessment, manufacturing and analytical engineering techniques.
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Chapter 3: Protocols and methods for 
preparing and assessing tissue-
based constructs
3.1 INTRODUCTION
This chapter presents the protocols and methodologies that have been 
developed or adopted over the course of preparing this thesis. It narrates the steps 
for studying and analyzing normal and treated cartilage matrices, protocols for 
decellularization/denaturing, microengineering of ECM bioscaffolds, sterilization 
and all the experimental and computational techniques used for qualitative and 
quantitative appraisals. It also includes adopted techniques for cell culture, surgical, 
in vitro, in vivo, and ex vivo evaluations.
3.2 TISSUE DENATURING AND DECELLULARIZATION 
The decellularization strategy involves using well-known protocols that have 
been investigated by our group (Singh et al., 2015) and also reported by others as 
were reviewed in Chapter 2. The methods adopted for the characterization of the 
laminate were almost similar to those used in the development of scaffolds for 
vascular tissues (Elder, et al., 2009a), and more specifically in regeneration of heart
(Ott et al., 2008a), heart valves (Tudorache et al., 2007) and blood vessels 
(Uchimura et al., 2003).
3.2.1 Preparing decellularized cartilage-on-bone laminates
Three standard decellularization protocols were employed, namely: Sodium 
dodecyl sulfate (SDS), an anionic surfactant most commonly used for cell lysis,
Triton X100, a nonionic surfactant which acts to solubilize membrane proteins and
trypsin whose action is temperature dependent causing enzymatic degradation of 
proteins such proteoglycans and cells. In brief, 1mg/ml Trypsin (Triton: for 
Trypsin-treated samples), 2% Sodium dodecyl sulfate (SDS) and 1% Triton X-100 
(Trypsin) for 8 hours at 37°C on a rotor followed by further washing with Phosphate 
buffer solution (PBS) with 0.1% TritonX-100 for 24 hours at room temperature. To 
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prepare the samples, visually intact bovine patella (N=10), harvested from prime 
oxen within 24 hours of slaughter, were obtained from a local abattoir. Cartilage-
on-bone specimens (n = 30, l × b × h = 10 × 10 × 10 mm) were extracted from the
patellae samples, sterilized in 75% ethanol for 15 min and treated with the 
aforementioned decellularization protocols. The samples were stored in sterilized 
PBS at 4qC for further assessments. 
3.2.2 Histological Assessment 
Histological assessment was used to study the microscopic characteristics of 
the treated cartilaginous extracellular matrices. Each of the treated laminates were 
embedded in optimal cutting temperature (OCT) medium (IA018, ProSciTech, 
Kirwan, Queensland, Australia) and cryosectioned and stained with Picro-sirius red 
for collagen and Masson’s trichrome stain for proteoglycans. The slides were 
hydrated in water then stained in 0.2% Sirius red for 1 hour, dehydrated in alcohol 
and mounted in depex. For Masson’s Trichrome staining, the slides were briefly 
hydrated in water and then stained in Weigerts Hematoxylin for 10 mins. 
The samples were again washed in water for 1 min, blued (colored) in 0.1% 
ammonia, and differentiated in 5% acid alcohol. They were rewashed and stained 
in 0.05% fast green for 5 min, rinsed in 1% acetic acid and subsequently washed 
with distilled water for 1 min. The slides were stained in 0.1% Safranin-O for 2 
min, dehydrated by quick dips in 70%, 95%, and 100% ethanol, and then dipped in 
xylene three times for less than 5 min and mounted in Depex before imaging under 
a monochromatic light source using a Nikon Labo-Phot light microscope.
3.2.3 Biochemical quantification of Proteoglycan and Collagen
Cartilage layers from each of the treatment groups (10 samples) were scraped 
off the bone, stained with 0.1% Safranin-O for 24 hours, pulverized and digested 
RYHUQLJKWDWÛ&LQDVROXWLRQRISURWHLQDVH.PJPOLQ3%(P0VRGLXP
phosphate, 5mM Na2EDTA, pH 7.1). The total proteoglycan content was 
determined spectrophotometrically at 535nM. Also, sections of 7μm from all the 
treatment groups were stained with Sirius red, scraped from the underlying bone 
and placed into a tube with 0.5ml 0.1M NaOH (sodium hydroxide) to remove the 
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bound Sirius red from the tissue prior to reading spectrophotometrically at OD 
540nmM.
3.2.4 Biochemical quantification of cellular DNA
Measurement of the DNA content was carried out with CyQuant® assays. 
Briefly, 50 μl extract from each of the digested samples aliquoted into a 96 well 
plate, 50 μl (1:250) dye binding solution was added to each well and the plate was 
incubated at 37°C for 1 hr. Fluorescent signals were detected using a microplate 
reader at excitation 485 nm with an emission of 520 nm. 
3.2.5 Polarized light Microscopy for Birefringence
Polarized light microscopy was used for the determination of the collagen 
network birefringence using Nikon ECLIPSE 50iPOL (Nikon, Japan) microscope
equipped with a P-&/ȜDQGa tint VHQVLWLYHFRORUSODWHȜ QP$KLJK-
performance CCD camera (Nikon DS-Fi1, Japan) was used for signal detection. 
NIS-Elements version 3.2 was used for image acquisition starting from the 
alignment position (=0°) with 45° stepwise rotations during recording. The 
background was normalized in Image J and grayscale values were calculated.
3.2.6 FTIR spectrophotometric analysis
A FTIR spectrometer (Spectra-Tech Nicolet; Thermo Electron Scientific 
Instruments LLC, Madison, WI USA) attached to a microscope equipped with a 
deuterated Triglycine sulfate (DTGS) detector was used to acquire data at 4cm-1
resolution. To obtain information on the collagen and PG content and their 
distribution in a depth-wise manner, spectra of regions of 40 Pm2 were acquired 
from the entire cartilage length. The areas under the amide I and II peaks and the 
PG peaks were calculated for each spectrum between 1710 and 1595, 1595 and 
1510, and 960 and 1185 cm2, respectively (Bi et al., 2006; Boskey & Pleshko 
Camacho, 2007; Kim et al., 2005).
3.2.7 Scanning Electron Microscopy
Treated and control sets of samples were scored on the bone face using a 
surgical blade, immersed in liquid nitrogen for 15 min and broken into two. The 
edges encompassing central and peripheral regions of articular cartilage were 
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demarcated for imaging. The samples were mounted on the water-cooled specimen 
stage of an FEI Quanta 200 environmental scanning electron microscope operating 
at a voltage of 10kV (ESEM; FEI Company, USA). The whole length of the 
cartilaginous part was scanned from the superficial region down to the subchondral
bone region of the laminates.
3.2.8 Image processing
A previously established image processing algorithm that had been used to 
trace the exterior boundaries of features in the SEM micrographs of the nanofibrous 
meshes  (Heidarkhan Tehrani et al., 2010) was purpose-written for evaluating the 
structural organization of collagen fibers in this study. The former algorithm could
determine volume porosity and structural interconnectivity in fibrous electrospun 
scaffolds, whereas, for the purpose of this study, the developed search algorithm 
was programmed to trace the structural organization in treated cartilage matrices 
(Appendix A).
For image processing, ESEM images of all treated and intact samples were 
cropped to the same size and converted to binary mode based on an average 
threshold algorithm which resulted in identical image characteristics. 
Morphological operations smoothed out the images for a more accurate feature 
extraction and the numbers, and relative perimeter ratio of the network features 
were stored and normalized for all samples. The application of the search algorithm
for evaluating the structural organization of decellularized cartilage matrices has 
been reported by our group (Singh, et al., 2015).
3.2.9 Mechanical compression test
The specimens were set in a purpose-built sample holder such that they were
held by a flat-ended grip to prevent the sample from moving during loading. They 
were then mounted for a compression routine on an Instron material testing 
machine, fitted with a 2000N load cell (Model 5944, Instron Pty Ltd, Victoria, 
Australia) with a sensitivity of 0.0005N. Each specimen was compressed to an 
equivalent displacement of 30% strain relative to the intrinsic thickness of the 
cartilage samples at a strain rate of 0.005/s. 
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The load was centrally applied to the articular cartilage surface via a 3mm 
plane-ended polished stainless steel cylindrical indenter. The load-displacement 
data were logged with computer during the compression test for each sample tested 
pre- and post-treatment. The stiffness was determined in triplicate of slopes at 10%, 
20% and 30% of strain; and, the elastic energy was determined by integration of the 
area under the curve up to 10%, 20% and 30% of strain. 
3.2.10 X-ray spectroscopy for mineral content
To measure the mineral content of the underlying bone of the laminate, each 
of the treated groups were dehydrated in 50%, 70% 90% and 100% ethanol for 30 
min, mounted on stubs, embedded in resin and polished to achieve a flat surface 
prior to characterization of the Ca-K and P-K elements using Energy Dispersive X-
ray Analysis (EDAX, Genesis V5.11, EDAX, Mahwah, NJ).
3.2.11 3D multiphoton confocal microscopy of cartilage matrix and cells
Each set of the treated laminates was fixed in 4% paraformaldehyde 
overnight, washed 3 times in PBS for 20 min and then incubated in 0.1% Triton X-
100 for 20 min followed by staining with Phalloidin (Alexa flour 568) which stain 
cells’ actin filaments and DAPI which bind to cells’ nuclei at 4°C overnight in 
complete darkness. Samples were then washed with PBS twice before imaging on 
a Zeiss510 Meta multiphoton confocal microscope.
3.2.12 Statistical analysis
General linear model of a univariate procedure was used to perform a two-
factor analysis of variance on DNC values to check whether there was any 
interaction between the treatments and cartilage structure. Multivariate two-way 
analysis of variance was also carried out on stiffness and elastic energy values, 
assuming the amount of strain and the treatment as independent variables. For all
data sets the homogeneity of standard variation, and the equality of variances were 
tested by Levene's test and spread-versus-level plot. Bonferroni post hoc 
comparison test was carried out for homogenous and Tamhane pairwise multiple 
comparisons for other data sets. Alpha level of 0.05, 0.01 and 0.001 were assumed 
significant and ranked by an asterisk symbol.
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3.3 COMPUTATIONAL AND QUANTITATIVE TECHNIQUES
This section presents the algorithm and computational methodologies 
developed to add quantitative appraisal to the assessment introduced in the 
preceding sections. The emphasis is on measuring the structural variation of the 
collagen network in intact and disrupted fibrous ECMs based on the hypothesis that 
numerical evaluation could provide further information to correlate biochemical 
with biomechanical characteristics of treated cartilage matrices.
3.3.1 Frequency domain analysis
Digitized micrographs were imported into Matlab (Mathworks Inc. R2012a, 
MA, USA) and processed given at a frequency domain based on fast Fourier 
transformation (Ayres et al., 2008). Fig 3-1 illustrated the proposed algorithm with
which the analysis was carried out. Briefly, the micrographs were discretized into 
increments of 100μm2 and converted to the mathematically defined frequency 
domain using 2D Fourier transform. Shifting, amplifying and reshaping of the 
frequencies resulted in a scaled-normalized power spectrum that represents relative 
magnitudes of underlying degree of orientation of the collagen network of the 
matrix. 
The full width at half maximums (FWHM) were extracted from the spectral 
distribution and stored relative to the layer at which a given micrograph was taken
(Appendix A). The spectral distribution aligns with the angle toward which the 
network orients and corresponds to the FWHM of its distributions (Corey et al., 
2007; Schaub, Gilbert, & Kirkpatrick, 2011). The globalized indices were finally 
plotted against depth percentage for intact and treated matrices.
3.3.2 Stress-strain data acquisition
Simple compression mechanical test was carried out for collecting stress-
strain data to define material models using APDL curve fitting package. It employs 
Instron testing machine (5944, Single Column, Tabletop Model, ITW, Illinois, 
USA) which can impose 2 KN compression load at 0.01 mm/min for a displacement 
equivalent to 30% of the intrinsic thickness of the treated cartilage matrices. This 
load was centrally applied via a 3mm cylindrical plane-ended polished stainless-
steel indenter on the articular surface of the treated plugs secured in a bath of 
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phosphate buffer saline (PBS: Dulbecco A, purchased from Oxoid, Hampshire, 
England) at room temperature. 
3.3.3 Constitutive hyperelastic models
To correlate biochemical and micromechanical alteration in the matrices and 
for the benefit of simplicity, the assumption was that the responses of the treated
cartilage matrices were isotropic, isothermal and hyperelastic (Brown et al., 2009).
The primary aim here was to compare the trend of the microdeformation and 
mechano-structural characteristic of the treated matrices, not to introduce a realistic 
model nor to predict the behavior of cartilage tissue. 
The material models were assumed to be nearly incompressible requiring an 
element formulation to handle incompressibility condition (O'Connell, Guerin, & 
Elliott, 2009). The constitutive hyperelastic models were defined through a strain 
energy density function (Wadham-Gagon et al., 2006), and fitted to the 
Fig 3-1 The algorithm flowchart of the frequency analysis (Appendix A).
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experimental stress-strain values in ANSYS© APDL collected in section 3.3.2 and 
according to ANSYS step by step graphical user interface  GUI (Ansys.net, 2014)
and ANSYS supporting documentation. Briefly, in reference to O'Connell, et al. 
(2009) and Wadham-Gagon, et al. (2006), the Cauchy stress versus total strain can 
be defined through the following strain energy potential.
ܹ =ܹ(ܫଵ, ܫଶ, ܫଷ) (1)
where W is the strain energy potential and a function of principal compression ratios 
(ܫ௜) which are defined as
ܫଵ =  ߣଵଶ + ߣଶଶ + ߣଷଶ (2)
ܫଶ =  ߣଵଶߣଶଶ + ߣଶଶߣଷଶ + ߣଷଶߣଵଶ (3)
ܫଷ =  ߣଵଶߣଶଶߣଷଶ (4)
where ߣ௜ are the strain invariants for uniaxial compression test. The deformation 
state of the stretch ratios can be defined as follows according to Wadham-Gagon, 
et al. (2006).
ߣଵߣଶߣଷ = 1 (5)
where ߣ஺ is the stretch ratio for compression along the loading direction.  According 
to Wadham-Gagon, et al. (2006), the stress sate can be defined as
ߪ஺ = 2(ߣ஺ െ ߣ஺ିଷ) ቀడ௎డூభ +
డ௎
డூమቁ (6)
As the behavior of the ECM constructs were anticipated to be almost 
incompressible, a Mooney-Rivlin hyperelastic formulation with the polynomial 
potential energy was defined according to O'Connell, et al. (2009):
ܹ = ܥଵ଴൫ܫଵ െ 3൯+ ܥ଴ଵ൫ܫଶ െ 3൯+ ܥଵଵ൫ܫଵ െ 3൯൫ܫଶ െ 3൯+ ଵௗ (7)
where W is the strain energy potential, ܫଵ is the first deviatoric strain invariant, ܫଶ
is the second deviatoric strain invariant, ܥ௜௝ are the material constants characterizing 
the deviatoric deformation of the material related to the distortional response and d
is the material incompressibility parameter related to the volumetric response.
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Confined compression data was used to determine the hyperelastic material 
coefficients by simply curve fitting in ANSYS APDL (Ansys.net, 2014). These 
coefficients were put into Mooney-Rivlin, three parameters mathematical model 
since the experimental stress-strain data and the selected mathematical model were 
used to calculate the hyperelastic coefficients. ANSYS uses a normalized linear 
least-square fit procedure for determining the constants since the Mooney-Rivlin,
and Polynomial strain energy potentials are linear in terms of the constants. The 
principal stress along the direction of compression can be expressed as:
ߪ = ߪଵଵ =  2ܥଵ ቀߣଶ െ ଵఒቁ െ 2ܥଶ ቀ
ଵ
ఒమ െ ߣቁ+ 2ܥଷ ቀߣଶ +
ଵ
ఒమ െ 2ቁ ቀ2ߣ െ
ଶ
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ANSYS APDL curve fitting was used to determine the C1, C2 and C3 for 
normal, SDS, triton, and trypsin treated cartilage matrices based on the compression 
stress-strain experimental data. The coefficients of strain energy potential was
calibrated by a few sets of simple stress state tests with the curve fitting procedure. 
The quality of the Mooney-Rivlin constants was also evaluated using root-mean-
square error (percentage) and the coefficient of determination. 
3.3.4 Finite element analysis
ANSYS APDL material properties were imported into ANSYS 
WORKBENCH Engineering Data for analysis. A Finite Element (FE) Modeller 
component was inserted into the project Schematic and the FE Modeller was 
updated and linked to the Engineering Data in Analysis System. Eight nodes 
HYPER74 was used as the element type. Large deflections were kept active to
update the geometry in each sub-step for the hyperelastic formulation and an 
iterative solution. Poisson ratio equal to 0.49 was used in this analysis to ensure 
incompressibility and avoid numerical instabilities. 
3.3.5 Discriminant analysis
Discriminant analysis (DA) was carried out to classify intact and treated 
models based on the subset validation of the extracted indices using the statistical 
package, SPSS (IBM© V 19.0.0.2; Chicago, Illinois). Box's M test was used to 
determine the inequality of covariance across the groups. The efficacy of the 
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discriminant functions was confirmed by the relative canonical correlation. Subset 
validation obtained by classifying the indices that were not used to create the model. 
Bonferroni Post Hoc comparison was used to compare elastic strain energy values 
in a one-way analysis of variance (ANOVA) for the homogeneous data set. Outlier 
data were excluded using Data Explores toolbox with an error bar of 95% standard 
deviation.
3.4 MICROENGINEERING OF THE ECM CONSTRUCTS
This section introduces the methodologies developed in search of an optimum 
microengineering design for ECM bioscaffolds that can instruct cell repopulation 
(recellularization) and achieve a controllable migration pattern for homing cells in
the decellularized matrices. It includes manufacturing procedure using a laser 
ablation technique (Agilent 8800-LA-ICP-MS) to microengineer ECM bioscaffold 
constructs, the design of experiment (DOE) for optimization of artificial microsize 
channels design and replicating it on the decellularized cartilage ECM, 3D printing 
of microporous plastic prototypes, fluid dynamics analysis inside the microchannels
as well as in vitro, in vivo and ex vivo appraisal of the proposed microengineered 
osteochondral plugs.
3.4.1 Mixed level fractional design of experiment
D-optimality criterion was used to accommodate three pore characteristics for 
appraisal in a mixed level fractional design of experiment (DOE); namely, pore size 
(4 levels), distribution pattern (2 levels) and density (3 levels). Micro-porous plastic 
constructs (n=12) were fabricated according to the DOE using rapid prototyping of 
an acrylic-based bio-photopolymer (Table 3-1). SolidWorks, the computer-aided
design software, was used for designing the geometries.
Four sizes of microchannels were tested, namely: 150, 250, 500 and 1000 μm. 
Three distribution densities were assigned by adjusting the distance between the 
microchannels: 500, 1000 and 2000 μm. Rectangular (1) and hexagonal (2) patterns
were also chosen for appraisal. For 3D printing, the circular fibers had to have a
minimum diameter of 1mm. The scaffold models were designed in sequential layers 
with a 0/90° lay-down pattern using a 3D printer, and the profile of each scaffold 
was designed to be identical to knee joint cartilage thickness. This profile was 
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extruded to produce an overall scaffold dimension of an osteochondral plug which 
would be suitable for filling a critical sized knee joint focal defect.
3.4.2 3D printing and rapid prototyping techniques 
The prototypes were fabricated from Alaris 30 photopolymer (VeroWhite 
FullCure830 modeling material with FullCure705 gel-like support material: Objet 
Polyjet™) using a Dimension Fused Deposition Modeler (FDM) with a rapid 
prototyping technology that converts the CAD drawings into three-dimensional
structures. Once the SolidWorks stl files of the scaffolds were input into the FDM, 
the machine used an additive process that extruded the polymer to create the
scaffold in sequential layers. Due to the layered design profile of the prototypes, the 
use of fused deposition modeling was almost advantageous. After extrusion, the 
constructs were complete and required no further hardening or removal of an 
extraneous matrix. The prototypes were fabricated at 100% of the original design 
size, with a layer thickness of 1mm. Each design was 3D printed in triplicates (three 
of each) for statistical analysis.
Table 3-1 D-optimal designs for optimizing microchannels
Design No. size Distance Pattern
1 1 1 2
2 4 1 2
3 1 2 1
4 3 3 2
5 3 1 1
6 4 3 2
7 3 2 2
8 2 2 2
9 4 2 1
10 2 1 1
11 1 3 1
12 2 3 1
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3.4.3 Computational fluid dynamics analysis
A fully developed fluid flow simulation was conducted to characterize the 
flow streamline over and inside the microchannels to benefit the interpretation of 
microfluidic effects and micropattern-induced migration of the cells into the real 
microengineered ECM bioscaffolds that incorporates the same design of 
microchannels in vitro and in vivo. The simulation employs a symmetry boundary 
condition at both ends of the microchannels design using the same CAD stl files 
used for 3D printing in the FDM. Inlet speeds of 10 ms-1 of an incompressible, 
homogeneous, Newtonian fluid allows the investigation of the fluid dynamic inside
and around the microchannels with no-slip condition. The steady-state Navier-
Stokes equation was solved using CFX at a reference pressure of 1 atm. Numerical 
convergence were evaluated by monitoring residuals and convergence of the 
pressure gradient, respectively; the solution was assumed to reach convergence 
upon stabilization of the value of the pressure gradient (©Ansys Workbench CFX).
3.5 IN VITRO TECHNIQUES
3.5.1 Cell seeding on prototypes
Prototypes were sterilized in 75% ethanol for 15 mins then washed in sterile PBS 
and air dried under UV for 24 hours. Chondrocyte cell line, were cultured in DMEM 
(low glucose) (GIBCO, Invitrogen Corporation, Melbourne, Australia) supplemented 
with 10% fetal bovine serum (FBS) (HyClone, Logen, UT) and 1% penicillin and 
streptomycin (P/S) (GIBCO, Invitrogen Corporation, Melbourne, Australia). The 
expanded cells were trypsinized at passage 3 and 105 cells were seeded on each
prototype and allowed to attach for 30 min before more media was added to the wells. 
The prototypes were cultured with cells for 72 hours, and their viability was assessed 
using MTT assay.
3.5.2 MTT assay
A mixture of 70:30 serum-free culture medium and MTT solution were added to 
each well. The whole plate was incubated at 37qC for 3hours. The MTT solution and 
the culture medium were removed, and the remaining Formazan crystals were 
dissolved in 150 ml/well Dimethylsulfoxide (DMSO). Pipetting the solution for 15 min,
the TCPS plate was then transferred to a microplate reader (Elisa spectrophotometer), 
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in which the absorbance at the wavelength of 540 nm was recorded. Prototypes were 
then rinsed with 200 ml/well buffer saline so that the unattached cells are removed prior 
to MTT assay. In brief, the reaction reduces the yellow tetrazolium salt to purple 
Formazan crystals by dehydrogenase enzymes secreted from the mitochondria of 
metabolically active cells (Heidarkhan Tehrani, et al., 2010). The amount of purple 
Formazan crystals formed was proportional to the number of viable cells attached to 
the surface and inside the prototypes. 
3.5.3 Recellularization of ECM bioscaffolds
Microengineered decellularized cartilage-on-bone laminates were sterilized with 
75% ethanol for 15 mins then washed in sterile PBS and air dried under UV overnight. 
Chondrocytes cells were cultured in DMEM (low glucose) (GIBCO, Invitrogen 
Corporation, Melbourne, Australia) supplemented with 10% fetal bovine serum (FBS) 
(HyClone, Logen, UT) and 1% penicillin and streptomycin (P/S) (GIBCO, Invitrogen 
Corporation, Melbourne, Australia). The expanded cells were trypsinized at passage 3,
and 105 cells were seeded onto the microengineered cartilage-ECM constructs and 
allowed to attach for 30 min. The wells were then topped up with media and cell-
bioscaffolds were cultured for 21 days. After 7 days of static culture, full growth media 
was used in a semi-dynamic culture condition.
3.5.4 Morphological assessments 
The attachments, proliferation and migration of the cells on the microengineered 
cartilage-ECM bioscaffolds were assessed microscopically. Briefly, three samples 
from each group were fixed with 3% glutaraldehyde overnight. The fixed samples were 
briefly washed in cacodylate buffer incubated with osmium tetroxides, and then 
dehydrated by sequential immersion in 20%, 40%, 60%, 70%, 80%, 90% and 100% 
ethanol, each for 10 min. The samples were then processed with a critical point dryer, 
mounted on SEM stubs and coated with gold using the sputter coater.
3.5.5 3D Multiphoton imaging 
Microengineered decellularized cartilage-ECM-on-bone laminates were fixed in 
4% paraformaldehyde overnight and then washed with PBS for 20 min for three times.
The samples were incubated in 0.1% Triton X-100 for 20 min, stained with phalloidin 
(Alexa 1 Fluor 568), for cytoskeletal organization and DAPI for cell nuclei. The 
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samples were then refrigerated at 4°C overnight in the dark and then washed with PBS 
twice before imaging with a Nikon multiphoton confocal microscope.
3.6 STERILIZATION REACTOR AND ASSESMENT TECHNIQUES
To avoid immunological reaction due to the potential contamination of the 
plugs, the implantation of the treated cartilage-bone plugs required a tissue-friendly 
sterilization protocols that can retain the fragile microstructural and biomechanical 
properties that have been achieved for the decellualrized microengineered cartilage 
ECM-bone plugs at the time of implantation. 
This section introduces the methodology that has been developed over the 
course of preparing this thesis to appraise the potential of pulsed plasma for
sterilizing normal cartilage and bone tissues and its impact on their 
physicomechanical properties in reference to (Heidarkhan Tehrani, et al., 2014).
Using this method, donated cartilage and bone tissues can be treated at low 
temperature, at atmospheric pressure, in short-durations and in a buffered 
environment using a purpose-built pulsed plasma reactor.
3.6.1 Pulsed power Topology and measurements 
The sterilization setup consists of a high voltage pulsed power supply and a 
reactor as illustrated in Fig 3-2. The setup was based on series configuration of 
power converters (Ghasemi, Zare, Boora, et al., 2012; Ghasemi, Zare, Ghosh, et al., 
2012; Redondo & Silva, 2009), capable of generating and sustaining non-thermal 
plasma at ambient temperature and atmospheric pressure (Davari, Zare, et al., 
2012). The module was developed in a way to provide complete control over input 
parameters like voltage and repetition rate (Davari, Zare, & Ghosh, 2012; Davari, 
Zare, Ghosh, et al., 2012). This was done by regulating the input voltage and the 
duty cycle (D) of S1 driving pulse. Different operating points were determined using
Eq (1) to satisfy sterilization conditions according to the design of experiments 
(Table 3-2):
(1)t
ILV inms '
' 
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where Vs is the input voltage, 'Iin is the primary side current, Lm is the 
equivalent magnetizing inductance of the primary side, and 't which is D×T (T is 
the period of the driving pulse). The output voltage magnitude and its rate of rise 
were expressed with Eq. 2 and 3:
(2) 
, where
(3)
where Im is the maximum current that magnetizing inductance (Lm) charges 
up to in each switching cycle; Co1=Co2=Co were series modules output capacitance 
and were equal and much larger than the reactor capacitance. Therefore Eq. 2 and 
3 can be re-written as:
(4)
(5)
3.6.2 Reactor setup
The plasma injection received through a point-to-plane geometry electrode at 
a gas–liquid interface of air and 10ml phosphate buffer saline solution (PBS: 
Dulbecco A, purchased from Oxoid, Hampshire, England). This would satisfy the
non-thermal condition as plasma injected through the interface. The high-voltage 
point electrode was a stainless steel rod of 1.9mm in diameter, and the plane 
electrode was a flat-round copper plate of 40mm at ground potential (Fig 3-2). 
There was a breathing space of approximately 3mm between the media and 
the tip of the point electrode (discharge gap). The chamber was sealed at the lid and 
electrodes inlets to prevent further contamination of the sample during and post-
sterilization allowing a safe passage of treated samples for further characterizations.
For the topology, please refer to Appendix B.
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3.6.1 Experimental design
A full-factorial design of experiment was used to study the impact of pulsed-
power discharge with two governing parameters  applied voltage and time of 
exposure  on the sterilization process in twelve runs (Table 3-2). These two factors 
were confined in a way that entire runs were practically possible. According to 
preliminary trial and error attempts, input voltages lower than a minimum of 16 V 
would hinder the pulse to breakdown and above 40 V would jeopardize the non-
thermal condition and alter the buffered balance. As a result, voltages were 
discriminated into four levels: 16 V, 24 V, 32 V and 40 V. As Wu, et al. (2013)
previously reported that signs of tissues histological-epidermal damage and full-
thickness burn have been seen as early as 1 min with plasma treatments, we 
assigned time points to 15s, 30s, and 45s.
3.6.2 Sterility test
A set of the samples was tested for sterility immediately after treatment.
Briefly, samples were immersed in Dulbecco's modified eagle's medium (DMEM: 
Fig 3-2 Schematic diagram of pulsed plasma sterilization system consisting of series flyback 
modules and reactor; VS is the input voltage, S1 is the power switch and Co1, Co2 are equivalent 
output capacitance. 
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Gibco® GlutaMAX™) containing 5% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Sigma-Aldrich) for cultivation of fastidious microorganisms and
stored in incubator at 37qC with 5% CO2 for a week. The culture plate had its wells 
examined every day under a light microscope coupled to a high sensitivity 13.3-
megapixel single lens reflex camera (Canon Inc. Tokyo, Japan). Plate’s wells 
containing non-sterilized samples of the same batch and sterile medium solution 
were incubated simultaneously as positive and negative controls, respectively.
3.6.3 Spectrophotometry
The amount of growing microorganism is proportional to the turbidity of the 
media due to a colorimetric shift due to the increased solution acidity over time 
(Morris, 2008). Each micro-plate well’s (8 by 12 matrix) was filled with 100 μl of 
sample’s media by the end of the incubation period in accordance with the design
of experiments labeling. A column was left for sterile media as the positive control. 
The colorimetric changes were recorded using a spectrophotometer plate reader 
(Elisa) at the wavelength of 550 nm. All the twelve samples had six replicates 
excluding the outlier data. The data set was analyzed with multiple comparison post 
hoc test using Tamhane statistic with a significant level of p<0.01.
Table 3-2 Design of experiment
Treatment Time (s) Vs (v)
1 15 40
2 30 40
3 45 40
4 15 32
5 30 32
6 45 32
7 15 24
8 30 24
9 45 24
10 15 16
11 30 16
12 45 16
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3.6.4 Compression test
Samples were put into post-compression test gripped in a purpose-built bath 
of phosphate buffer saline. The compression regime was programmed using Instron 
software coupled with a 2kN high sensitivity (5×10-4 N) testing machine (Model 
5944, Instron Pty Ltd, Victoria, Australia). The load was centrally applied to the 
articular surface via a 3mm cylindrical plane-ended polished stainless-steel 
indenter. It imposed 2×10-2 N compression load at the rate of 0.01 mm/min for a 
displacement equivalent to 20% relative to the intrinsic thickness of the 
cartilaginous section; 
Giver that, full recovery is achievable for up to 30% strain (Ficklin et al., 
2007), samples were unloaded and let recover in PBS bath for 2 hours and checked 
to ensure that the full thickness was regained. Stiffness values were calculated for 
each sample corresponding to the asymptotic section of the load-extension curves. 
Elastic energy storage were also measured pre- and post-sterilization to be of help 
to interpret laminates load-carriage capacity. The load-displacement data were
converted to stress-strain to make the calculation independent of samples size. The 
load carrying capacity was defined as the ultimate extension of the stress-strain 
curve (Federico & Herzog, 2008). Federico and Gasser (2010) later discussed that 
such an energy based criterion offers more advantage in assessing the impairment 
of the intervertebral joints under complex physiological loading. The strain energy 
was also recorded to provide additional interpretation of the state of the collagen 
meshwork.
3.6.5 Differential scanning calorimetry
The cross-linkage and denaturation of collagen fibrils were investigated by 
means of thermogravimeter and differential scanning calorimetric techniques 
(Setaram© Labsys, TGA\DSC 800, Caluire, France). Samples of 20-30 mg were 
sealed in standard aluminum crucibles and heated at the constant rate of 10 °K/min 
in Nitrogen atmosphere with an empty rod as the reference. As the denaturation of 
collagen occurs between 40qC to 80qC of temperature range, the test starting and 
ending temperatures were adjusted to 25qC and 100qC respectively using Labsys
Setaram© software.
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3.6.6 Statistical analysis
Paired-sample t test was used to compares stiffness and elastic strain energy 
pre- and post-sterilization using SPSS (IBM© V 19.0.0.2; Chicago, Illinois). For 
all data sets homogeneity was tested for the equality of variances. Alpha level of 
0.01, 0.05 and 0.1 was assumed significant and ranked accordingly by an asterisk
symbol. A linear univariate model was used to explain if there was an interaction 
between the time of exposure and the applied voltage. The impact of the two 
variables was studied using one-way analysis of variance. Mechanical compression 
test was carried out for each pair under the same noise condition. Outlier values 
were excluded using data explores toolbox, and the absorbance values were plotted 
with an error bar of 95% standard deviation. Linear regression was used to model 
the relationship between the time of exposure and the turbidity values.
3.7 IN VIVO EVALUATION
A sheep animal model was used for the evaluation of plugs. Bovine patellae 
were obtained from a local abattoir. The patellae were harvested from prime oxen 
within 24 hours of slaughter. Osteochondral plugs in form of cartilage-on-bone 
cylindrical laminates (Ø6 x 6 mm2 l) were cut and treated with the optimized 
decellularization (SDS-based protocol; section 3.2.1) for 8 hours at 37°C on a rotor
followed by further washing with Phosphate Buffer Solution (PBS) in 0.1%
TritonX-100 for 24 hours at room temperature. 
3.7.1 General anesthesia
One healthy skeletally mature (3-4-year-old) Merino-cross (castrated male, 
50 kg) was used in this study. The sheep was deprived of food for 12 hours prior to 
anesthesia to reduce the risk associated with recumbency during general anesthesia 
(e.g. tympany, regurgitation and aspiration pneumonia). The day before surgery, 
the sheep was cradled into a custom-made sheep restraint trolley, and a Central 
Venous Access via external jugular vein was established using modified Seldinger 
technique. The sheep was anaesthetized with an intravenous injection of propofol 
1% (Sandoz®, Novartis International AG, Switzerland, 4 mg/kg, IV) and 
maintained with 50% oxygen in air, and isoflurane 2% (Pharmachem®, Australia)
using a mechanical ventilator. 
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The sheep was given buprenorphine 0.3 mg/ml (Temgesic® 0.005 mg/kg, IV) 
and ketorolac 30 mg/ml (Toradol®, 0.5 mg/kg, SC) for pre-emptive bi-modal pain 
management. Postoperative pain management provided for 7 days using 
Durogesic® transdermal patch (50 μgr/hour). The sheep received prophylactic and 
postoperative parenteral antibiotic regimen Ciprofloxacin 200mg/100ml (Aspen® 5
mg/kg, IV); Cefazolin 1 gr (Kefzol® 20 mg/kg, IV); Gentamicin 80 mg/2ml (Pfizer®
5 mg/kg, IV) (Orth & Madry, 2013).
Heart rate, oxygen saturation, and end-tidal carbon dioxide levels were 
monitored throughout the procedure. Parenteral maintenance fluid was 
administrated using Hartmann’s solution (10 ml/kg/hr). Eye lubricant (Lacri-
Lube®) used to keep the cornea moist throughout the operation. The sheep 
positioned to right dorsolateral recumbency, secured to the surgical table, and 
aseptic preparation of the surgical site performed. 
3.7.2 Surgical technique
Access to the right patellofemoral joint via a medial para patellar approach 
was established. A skin incision was made from 5 cm proximal to the patella to a 
point 5 cm distal to the right tibial tubercle. At the proximal incision, the oblique 
medial vastus muscle was incised to allow for luxation of the patella. The joint
capsule was opened medial and parallel to the patellar tendon with transection of 
the medial patellar retinaculum. The patella was luxated laterally and retracted by 
the use of a Langenbeck retractor to expose the femoral trochlear ridge.
Three Ø6 x 6 mm2 cylindrical osteochondral defects were made in the femoral
trochlear ridge manually by removing the integrated cartilage–subchondral bone 
tissue using an orthopedic drill bit (Ø6 mm) attached to a Stryker rotary headpiece
(Fig 3-3).  Two of the full thickness defects were ¿OOHGZLWK WZRRVWHRFKRQGUDO
plugs (one decellularized and one microengineered decellularized plug) in a way 
that the cartilage surface was flush to that of the animal’s articular cartilage, 
preserving surfaces congruency (Heidarkhan-Tehrani et al., 2014) and preventing 
the plugs from sinking (Fig 3-3b).
In the real clinical trial, the third drill hole left empty, unlike the mock 
surgery, and used as control. Synthetic absorbable suture (polyglactin 910, coated 
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Vicryl®) used for closure of the capsule, and the subcutaneous tissues. Skin closure 
was completed using monofilament synthetic polybutester (Novafil®).  Simple 
interrupted suture patterns were applied for all anatomical layers. A surgical 
dressing was applied, and leg was bandaged using standard elastic bandage roll. 
The study’s animal ethics certificate approval is attached (Appendix C).
a
b
Fig 3-3 a) Three Ø6 x 6 mm2 cylindrical osteochondral plug in the form of 
decellularized cartilage-on-bone laminate as arrows pointed in sterile PBS tube b) 
Implanted plugs in the femoral trochlear ridge of a sheep animal model where the 
circles are depicted. For the animal ethics certificate, please refer to Appendix C.
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3.7.3 Post-operation 
The animal was monitored closely for 7 days after the operation for pain-
related behavior, and any signs of altered behavior (i.e.: changes in its demeanor, 
appetite and drinking behaviors, urination and defecation, interest in surroundings 
and mobility). The leg bandage replaced 3 times over first postoperative week, and 
the surgical site monitored for signs of wound complications (i.e.: bleeding, 
infection, inflammation or dehiscence). After the first week, the animal was 
observed tri-weekly (three times per week) in the paddocks. Notes were made 
regarding its demeanor, appetite, drinking, weight change, mobility and any signs 
of pain or distress. The surgical site was observed for any signs of infection or 
inflammation. 
Three months after implantation plain radiography from the implantation site 
performed, the sheep was euthanized using intravenous injection of pentobarbitone 
sodium (325mg/ml, 100 mg/kg, Lethabarb®), the femoral trochlear area was 
KDUYHVWHGDQG¿[HGLQDSDUDIRUPDOGHK\GH3)$6LJPDVolution for 24 h at 
room temperature. The main emphasis of the in vivo and ex vivo assessments were 
on the integration of the plug with the host environment and beginning of any 
remodeling process within the joint which was carried out using MRI imaging. The 
subsequent assessment was carried out ex vivo using confocal microscopy and 
trichrome staining for histological observation.
3.8 EX VIVO EVALUATION
3.8.1 Magnetic resonance imaging (MRI)
Magnetic resonance imaging was conducted using a Bruker Avance nuclear 
magnetic resonance (NMR) spectrometer (Bruker BioSpin®, Ettlingen, Germany) 
with a 7.0 T vertical bore magnet operating at room temperature. The system was 
equipped with a 1.1 Tm-1 (110 G cm-1) triple-axis gradient set and a Micro 2.5 
micro imaging probe. The radiofrequency (RF) coil used in the imaging was a 
15mm birdcage proton (1H) resonator (Bruker BioSpin®, Ettlingen, Germany). 
The NMR tube containing the specimen was placed inside the RF coil and 
carefully mounted in the spectrometer. After mounting the RF coil in the MRI 
spectrometer, multi-spin multi-echo (MSME) 2D images of selected slices were 
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acquired for both implants in PBS solution. The imaging parameters were as 
follows: repetition time (TR), 1000 ms, echo time, 7 ms, and one average per slice, 
using a 1 mm slice thickness, a field of view (FOV) of 20 mm X 20 mm, and a 128 
X 128 matrix size. 
3.8.2 3D multiphoton confocal microscopy
The plugs were explanted with the surrounding host cartilage and subchondral 
bone environment and fixed in 4% paraformaldehyde overnight, washed with PBS 
for 20 min at 3 times. They were incubated in 0.1% Triton X-100 for 20 min 
followed by staining with Phalloidin (Alexa flour 568) which stain cells’ actin 
filaments and DAPI which bind to cells’ nuclei at 4°C overnight in dark. Samples 
were then washed with PBS twice before imaging with a Nikon multiphoton 
confocal microscope.
3.8.3 Histological staining 
The explanted bioscaffolds with the host’s surrounding tissue (cartilage and 
bone) were embedded in optimal cutting temperature (OCT) medium (IA018, 
ProSciTech®, Kirwan, Queensland, Australia) and cryosectioned for Masson’s
trichrome staining. The slides were briefly hydrated in distilled water and then 
stained with Weigerts hematoxylin for 10 min. They were washed again in distilled 
water for 1 min, then blued (colored) in 0.1% ammonia, and differentiated in 5% 
acid alcohol. They were rewashed and stained in 0.05% fast green for 5 min, then 
rinsed in 1% acetic acid followed by distilled water for 1 min each. The slides were 
then stained in 0.1% Safranin-O for 2 min, dehydrated by quick dips in 70, 95 and 
100% ethanol, and then dipped 3 times in xylene for less than 5 min each. They 
were then imaged under a monochromatic light source using a Nikon Labo Phot 
light microscope.
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Chapter 4: Effect of decellularization 
protocols on biomechanical 
and physiological properties of 
articular cartilage matrix
4.1 INTRODUCTION
In reference to the literature reviewed, there is still a noticeable gap in 
attempts at determining which decellularization technique would least disrupt the 
cartilage matrix and how one can maximize the efficiency of cells and DNA 
materials removal without compromising the collagen matrix architecture and its 
mechanical characteristics. This chapter reports the effects of enzymatic and 
detergent-based decellularization protocols on the structure of cartilage
extracellular matrix. The preparation protocol that can maintain the structural 
stability and integrity of the cartilage-on-bone laminate was then investigated. The 
optimized protocol must result in constructs that can resist mechanical loading 
without eliciting negative immunological reaction when implanted. In an effort to 
maintain biomechanical, architectural and structural integrity of the donor articular 
cartilage-on-bone laminates, three decellularization protocols were selected and 
appraised using the methodologies and assessment techniques described in 3.2.
The protocols includes treatment with, sodium dodecyl sulfate (SDS), an 
anionic surfactant most commonly used for cell lysis; Triton X100, a non-ionic 
surfactant which acts to solubilize membrane proteins; and Trypsin, a temperature-
dependent enzyme which acts on and degrades proteins such as proteoglycans and 
those in cells. The treated construct must be able to resist physiological loading and 
facilitate recellularization and integration after implantation. The following
presents the results of the experimental evaluation which were carried out to 
characterize decellularized matrices and the effect of each protocol on the 
biochemical, histological and morphological features of cartilage extracellular 
matrix. The findings emanated from this chapter has been reported by our group 
previously (Singh, et al., 2015).
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4.2 RESULTS
4.2.1 Decellularization efficiency
Fig 4-1a shows 3D multiphoton images of Phalloidin Alexa Fluor® 568
staining of the actin fibres of intact cells within the laminates. Normal cartilage
sample (normal) had an abundant distribution of chondrocytes which were lost in 
SDS and Trypsin (p < 0.001) treated samples and significantly reduced in Triton X-
100 (p < 0.01). Fig 4-1b presents histological sections stained with Masson’s
trichrome showing proteoglycan in red, cell nucleus in purple and counterstaining
collagen-like proteins in blue. Trypsin treated samples had no staining for native
cells, indicating complete cell elimination, whereas the presence of cellular 
materials in triton indicates an ineffective decellularization. Significant loss of PGs
in Triton treated laminates was also observed suggesting the absence of red-
fluorescent Alexa Fluor 568 dye compare to normal.
4.2.2 Biochemical quantification
Biochemical quantification (Fig 4-1 c) shows that SDS led to a notable level 
of proteoglycan (PG) degradation; while trypsin acted more harshly with complete 
removal of PG from the laminates. Comparative post hoc test showed no significant 
difference between normal samples and those treated with Triton; however, there 
was major depletion for other cases (p < 0.001).
Collagen content did not seem to be significantly affected by any of the 
treatments (Fig 4-1d). Fig 4-1c shows the spectrophotometric quantitation of
Safranin-O bound to proteoglycans in pulverised and digested laminates. One-way
analysis of variance determined a significant difference in proteoglycan content for 
all the treatments (p < 0.001), except for normal and Trypsin.
Fig 4-1d shows biochemical quantification of bound Sirius red to seven-
micron sections. Confocal imaging and biochemical quantification showed that 
Trypsin (trS) and SDS (sS) treated samples were completely decellularized with no
signs of intact cell within the laminates immunostained with Phalloidin (Red). The 
collagenous ECM were illuminated by the second harmonic generation (SHG) 
(blue) and imaged using a 3D multiphoton fluorescence microscope (Fig 4-1a).
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4.2.3 Mechanical performance
The loading profiles (stress-strain) indicates the functional integrity of the 
native and treated samples (Fig 4-2). The significant decrease in the profile of 
trypsin samples suggests extreme loss of mechanical viability. SDS and triton,
however, retained some level of mechanical integrity. Trypsin had a far deleterious 
effect on the stiffness of the treated samples.
Fig 4-1 a) Multiphoton images of Philloidin Alexa Fluor® 568 staining actin fibres of intact
cells b)  histological sections stained with Masson’s trichrome showing proteoglycan in red, cell
nucleus in purple and counterstaining collagen-like proteins in blue. c) Biochemical 
quantification of PGs (p<0.05*); d) Biochemical quantification of collagen content (no 
statistical significance). nS, sS, tS and trS read as Normal, SDS, triton and Trypsin samples.
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Fig 4-2 Stress-strain profile of compression test on normal and treated matrices (p<0.05).
4.2.4 Morphological observation and microstructural alteration
Fig 4-3 shows the structural integrity of cartilage-on-bone laminates. Fig 4-3a
shows the alteration of the microstructural features extracted from ESEM images
using Matlab generated image processing code. Qualitatively, the superficial layers
were distinguished by the parallel orientation of fibrillar architecture of the
cartilaginous extracellular matrix, the middle zone with random and the deep zone
with perpendicular alignment of collagenous network down to the subchondral
region. 
In deep layer, a higher packing density and degree of network compaction
(DNC) was recorded. Fig 4-3b shows DNC values as a function of depth. It revealed 
that the treatments can alter the microarchitecture of cartilaginous network
significantly (*p = 0.038; ** p = 0.014). If samples ranked, Triton architecture
changed the least, SDS affected moderately and the collagen network of trypsin 
treated sample was completely distorted, especially in deeper layers, suggesting that 
the extensive extraction of PGs and chondrocytes resulted in collagen network
collapsing and increased of network compaction which corresponds with the poor 
mechanical performance (Fig 4-2).
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Fig 4-3b also shows that the DNC values were higher in the superficial layers
where cellular, and macromolecular components are scarce, particularly for SDS
and Triton. In the latter, the collagen entanglement was also distinct. Hence, 
deterioration of the collagen network organization was found to be depth 
dependent, and the impact of trypsin treatment on structural integrity was much 
more severe compare to that of SDS and Trypsin, all of which increased with depth.
a
b
Fig 4-3 a) Processed ESEM images using MATLAB generated algorithm highlighting close 
(green) and open (red) features across the cartilage matrix. b) Degree of network compaction
shows significant collapse of the cartilaginous meshwork in deeper layers (p < 0.0043; (*p =
0.038; ** p = 0.014)).  nS, sS, tS and trS read as Normal, SDS, triton and Trypsin samples.
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4.2.5 Quantitative evaluation of cellular DNA
Fig 4-4 shows the quantitative evaluation of cellular DNA by cell Cyquant 
dye in proteinase K digested matrices. There was no fluorescence activated upon 
dye binding to nucleic acids, further confirming that trypsin and SDS are more 
effective in breakdown and removal of cellular materials. In contrast, high DNA 
content in the triton treated samples, further confirms its ineffectiveness and render 
subsequent in vitro assessment for triton treated laminates unnecessary. The results,
however, revealed removal of more than 90% of cellular DNA in both SDS and 
Trypsin laminates necessitating further assessments of their capacity in accepting
cells and promoting their activity and the consequent degree of biomechanical 
viability. 
Fig 4-4 DNA content measured by cell cyquant dye in pulverised and proteinase K digested 
laminates (p<0.05).
4.2.6 Calcium/Phosphate ratio in denatured bone region
As has been noted in the literature, bone integration can be achieved easier 
than cartilage and is proportional to the graft mineral content (Gilbert, 2000).
Fig 4-5 shows the mineral contents after treatments. Energy dispersive spectroscopy 
(EDS) was used to quantify the elemental composition of bone calcium (Ca) and 
phosphorus (P) presented as ratio (Fig 4-5). The unique x-ray spectra of treated 
laminates shows that elemental minerals such as phosphorus and calcium are not 
significantly affected by any of the treatments.
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Fig 4-5 The EDS quantitation of Calcium/Phosphate content in subchondral regions. nS, sS, tS 
and trS refers to normal, SDS, triton and trypsin treated samples. There was no statistical 
significance recorded among the groups.
4.2.7 In vitro assessment of decellularized cartilage matrix
Morphological observation
Fig 4-6 shows in vitro culture of chondrocytes on decellularized cartilage-
bone laminates. Fig 4-6a shows scanning electron micrographs of cell cultured on
trypsin treated laminates. Similar to other samples, chondrocytes on the
decellularized cartilaginous surface showed spread morphology, exhibiting a
typical flat elongated and spindle-shaped cell shape.
Multiphoton confocal imaging
Fig 4-6b shows a confocal image of chondrocytes immunostained with Alexa 
Fluor® 488 phalloidin in green and collagen network in red. The degree of network 
compaction provided a quantitative indication of the consequence of using 
treatments that can degrade the components of the matrix, leading to the
concomitant collapsing, inadequate spatial architecture and poor biomechanical 
viability. Fig 4-6a also showed how healthy chondrocytes can attach and 
proliferated on the surface of treated laminates. However, in comparison to the 
aperture available on the decellularized matrix, seeded cells are much larger, and 
hence cannot infiltrate to deeper layer. Fig 4-6b confirmed that cells (green) were 
unable to penetrate into the collapsed ECM collagen network (red) and could only 
amass on one another when proliferated to confluence.
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4.2.8 In vivo assessment of decellularized osteochondral plug
One of the main purposes of the study was to assess the functionality of the 
xenografts in a real physiological condition. However, long-term animal studies are 
needed to further the histological, biochemical and biomechanical assessment.
Here, the X-ray and MRI anatomy micrographs provide a preliminary investigation 
on the functionality of the proposed tissue-based laminates in a real physiological 
environment. The in vivo experiment carried out in this study includes one animal 
model (n=1). However, to be able to make precise inferences about the assessments 
with robust statistical power, more samples are required. A power analysis of the in 
vivo experimental design can determine the minimum number of animals needed.
a                                                           b            
Fig 4-6 Superficial attachment of chondrocytes on the decellularized cartilage matrix. a) Scanning 
electron micrographs in two magnifications shows well confluent flattened cells on decellularized 
cartilage matrix. b) Confocal microscopy assessment of cell infiltration shows no cells inside the 
decellularized collagen network (red area) and the superficial layer (white arrow).
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Morphological observation
All surgical procedures were performed without any major complications or 
any subcutaneous inflammation, and the sheep remained healthy throughout the 
experiment. The postoperative cast for immobilization was well-tolerated by the 
animal. The sheep was full weight-bearing on the leg and was not limping at the 
time of sacrifice. The colour and surface characteristics of the plug-host interfaces
and that of the adjacent host tissue has been also identified  circles in Fig 4-7.
a
b
Fig 4-7 a) Osteochondral defects were made in the femoral trochlear ridge b) Post–surgical 
imaging of the treated osteochondral plugs integration with the host site.
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Radiological diagnosis (X-ray) 
Fig 4-8 shows the radiological diagnosis (X-ray) of the physiological 
condition, associated lesion and fractures around the focal defect area. Although it 
was hard to view complete chondral lesions with loose fragments in the joint cavity, 
the in vivo X-ray evaluation at the time of implantation (Fig 4-8a), and the 
micrographs taken at the time of sacrifice (Fig 4-8b) indicated no inflammatory 
response for both SDS-triton and Trypsin laminates nor at the subcutaneous areas. 
The transplants could be identified easily by inspection, as they showed a 
clear demarcation between transplants and the adjacent host cartilage regions
(Fig 4-8). The remodelling of the subchondral region was also clear as the
alterations of the focal defect with a measurable dilation disappeared after 3 months
of implantation shown in Fig 4-8b.
a
b
Fig 4-8 a) Radiological diagnosis (X-ray) micrographs of the sheep’s joint at the time of surgery. 
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4.2.9 Ex vivo appraisal of decellularized osteochondral plug
Magnetic resonance imaging
Fig 4-9 shows the magnetic resonance imaging (MRI) of the decellularized 
osteochondral plug which enables morphological evaluation of the surface, 
thickness and volume of the defects and the interfaces of the cartilage-to-cartilage 
and bone-to-bone integrations.
a
b
Fig 4-9 Magnetic resonance imaging (MRI) shows the anatomical evaluation from a) axial 
view and b) sagittal view showing the decellularized cartilage-bone laminated plug in the 
sheep joint. The bone, cartilage (white arrows) and the plug (middle) area is distinguishable 
by their brightness and structure.
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Multiphoton confocal microscopy
Fig 4-10 presents multiphoton confocal images of two arbitrary depths from
the plug surface downward, showing cellular invasion and new matrix formation at
the chondral layer. The staining shows Phalloidin (Alexa flour 568) bound to the 
cellular exertion of the new forming extracellular matrix and DAPI to cells nuclei.
a
b
Fig 4-10 Multiphoton confocal images at two arbitrary depths, a) 250μm and b) 400 μm from 
the plug surface downward showing cellular invasion and matrix formation. The blue dots 
shows cells and the filamentous matrix in red.
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Fig 4-11 shows histological sections of decellularized cartilage area of the
plug on the right and the animal cartilage on the left in the images which were 
obtained from the same area but with different magnifications. 
a
b
Fig 4-11 Shows histological sections of decellularized cartilage area of the decellularized plug 
(on the right), the animal (left) and the interface of cellular invasion (arrows) in two 
magnification a) 10X and b) 20X stained with trichrome for total collagen in red, cell nucleus in 
purple and counterstaining collagen-like proteins in blue.
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Fig 4-11a was taken at 10X magnification showing a wider length of the 
interface of the two cartilaginous environments, the decellularized bovine cartilage 
and the native ovine plug next to each other. There is a visible line at the interface 
between the plug and the host cartilage. 
a
b
Fig 4-12 Shows superficial layers of decellularized cartilage area of the plug (left) and the 
animal (right) and interface of cellular invasion I in two magnification a) 20X and b) 40X  
trichrome stained for collagen in red, cell in purple and counterstaining collagen in blue.
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Fig 4-11b was taken with 20X magnification showing more collagenous and 
non-collagenous components and the quality of the integration after 3 months of 
culture at a load bearing site in the femoral ridge of the sheep animal model.
a
b
Fig 4-13 Histological images of the section of the interface (arrows) in the subchondral bone 
area of the plug (left side) and the animal (right side) joint in at a) 20X of magnification and b) 
10X, stained with Masson trichrome for total collagen.
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Trichromatic histological staining 
Fig 4-12 emphasis is on the superficial layers at the interface between the 
xenogeneic plug and sheep native cartilage and the depth of the integration. The 
articular surfaces of the plug and the adjacent native cartilage are not only flush at 
the interface but also the distribution of chondrocytes demonstrated a smooth 
transition across.  
Fig 4-13 shows the details of cellular activity close to the subchondral bone 
region at the interface between the plug and animal femoral bone region as well as 
the quality of the osseointegration after three months of implantation. The porous 
structure of the remodelling bone of the plug and the adjacent denser bone of the 
sheep joint were completely fused and a smooth transition from a less porous to 
more porous area is visible, which is traversing across the interface from the native 
bone area into the plug.  
4.3 DISCUSSION
The processing for preparing biocompatible decellularized cartilage-on-bone 
transplant were compared in this chapter. The hypothesis was that the treated
constructs must be immunologically neutral, readily integrate with the host tissue,
be capable of withstanding mechanical loading, and act as a scaffold to facilitate 
cellular activity right through to new matrix formation. The findings revealed that 
it was not feasible to assume that rendering a transplant inert is sufficient. The 
results demonstrated the consequences of using decellularization protocols that 
resulted in the loss of ECM components while removing cellular materials from the 
matrix comparable to the previously established protocols in the literature (Table 
2-1). It showed that the collapse of the collagen network is the main reason for the 
decreased scaffold porosity and hence the lack of cell infiltration into the ECM 
regardless of the protocol used. However, in term of minimizing the adverse effects 
of the treatment on the structural integrity and biological functionality of the 
constructs, SDS-based decellularization was found to be the most promising, 
comparable to the findings reported for the decellularization of vascular tissues such 
as aortic valve (Liao, et al., 2008) and rarely in that of avascular systems as in cornea 
(Du et al., 2011).
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Three methods of decellularization were appraised, namely, Trypsin, a serine 
protease that have been used to remove proteoglycan for generating collagenous 
membrane in cell culture (Verbruggen, Luyten, & Veys, 1985); SDS and Triton,
anionic and nonionic detergents that have been used for decellularization (Elder, et 
al., 2009a). The method published by Elder, et al. (2009a) used 2% SDS and 2% 
Triton reported that while SDS treatment achieved complete lysis of cell 
membranes and nuclear membranes, it did not completely eliminate DNA. We 
observed that trypsin was effective in eliminating cellular components from ECM.
However, the associated loss of matrix proteoglycans (Fig 4-1) resulted in 
biomechanically incompetent (Fig 4-2) and structurally impaired (Fig 4-3) ECM
bioscaffold. 
Assessment of DNA content also showed significant loss of cellular DNA in 
SDS (Fig 4-4). The results showed that SDS treated laminates are immunologically 
privileged, making them transplantable and biocompatible. In addition, they are far 
superior in terms of their ability to carry load (Fig 4-2), thereby reducing the need 
for extensive cell culture for the bioscaffold due to the well maintenance of 
proteoglycans compare to trypsin treated samples (Fig 4-1). The SDS protocol
could potentially provide a more stable microarchitecture (Fig 4-3), as well as 
support for osseointegration (Fig 4-5) that would reduce the need for in vitro cell 
seeding. Not to mention, the concomitant consequence of proteoglycans removal 
from the cartilage ECM, as demonstrated, resulted in a poor biomechanical 
functionality as observed explicitly in the enzyme-treated scaffolds (Fig 4-2)
comparable to results achieved in other studies (Partington et al., 2013; Reing, et 
al., 2010; Witzenburg, et al., 2012). On the contrary, triton-based decellularization 
resulted in specimens with preserved matrix proteoglycan content (Fig 4-1) and 
biomechanical properties comparable to those of native cartilage but lacks the 
effectiveness to expel donor cells from the tissue (Fig 4-2), which was in mark 
contrast to the results achieved for the decellularization of anterior cruciate ligament 
(ACL) by (Vavken, Joshi, & Murray, 2009), probably due to the intrinsic difference 
between the properties of the two tissues. 
Based on the biological reasoning that decellularization of a natural tissue will 
not be rejected by the host (Badylak, et al., 2009; Ma, et al., 2013), and, therefore,
Chapter 4: Effect of decellularization protocols on biomechanical and physiological properties of articular 
cartilage matrix 109
be readily transplantable, it is assumed that host cellular infiltration and cell 
differentiation will in turn replace the structural and biomechanical integrity.
However, the cartilage surface and the gel-like morphology of the decellularized 
matrices left unaffected, and cell infiltration was unsuccessful (Fig 4-6). While it 
may be feasible to achieve cell infiltration in the triton treated samples due to the 
well-preserved matrix (Fig 4-3), the presence of donor DNA (Fig 4-4), would result 
in immune-mediated response during cell culture and after implantation (Cohen & 
Bodmer, 2003; Klyushnenkova et al., 2005).
The evaluation of the time required to achieve complete DNA wash-out
resulted in complete loss of proteoglycans from the ECM when trypsin was used, 
similar to the results reported by our group previously (Moody et al., 2006). This 
decellularization process resulted in the donor cartilage scaffold with no intact cells, 
no staining for cellular DNA, and complete loss of PGs from the ECM (Fig 4-1), 
albeit with severe mechanical impairment (Fig 4-2) and structural alteration 
(Fig 4-3). However, SDS-based protocols combined the efficiency of trypsin in 
eliminating cellular materials from the ECM (Fig 4-4), while preserving the 
biomechanical and structural integrity of the resulting ECM to be the ideal 
candidate for processing load-bearing bioscaffolds. It was well-documented in the 
literature that articular cartilage biomechanical functions are directly related to its
proteoglycan content (Afara, Singh, & Oloyede, 2012), which generates an intrinsic 
swelling pressure (within the collagen meshwork) and is responsible, to a large 
extent, for withstanding compressive loading. The implication of this is that 
mechanisms of nutrient and waste exchange could be altered, and even if cell 
infiltration were possible, a PG depleted constructs might not be capable of 
sustaining cellular activities post-implantation. Furthermore, long-term cultures 
would have an increased risk of contamination and changes in cell phenotype. 
Besides the obvious loss of functional viability, the ability of the 
decellularized constructs to provide sufficient anchorage for cell culture was also 
another critical characteristic that needs to be assessed as has been attested in other 
studies (Tosun & McFetridge, 2013). Not to mention, like other artificial fibrous 
membranes and decellularized scaffolds, the collagenous laminate obtained here 
provided good support for cell attachment and showed increased cell proliferation 
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for up to 15 days (Fig 4-6), proving that the generated bioscaffold was not cytotoxic. 
However, cell proliferation were limited to the superficial layer of the bioscaffold 
due to the obvious differences in cell size and the available aperture size of the 
matrix. Liao, et al. (2008) also reported the limitation of the repopulation of 
decellularized porcine aortic valve leaflet.  In our study, the heavy concentration of 
cells and lack of penetration into the superficial layer was observable via the 
confocal imaging, which clearly showed no cell infiltration into the matrix 
(Fig 4-6). Despite the attempts to culture cells on decellularized xenograft 
membranes, homogeneous full-depth recellularization has not been attained similar 
to other studies (Ingram et al., 2007). Generally, the seeded cells formed a 
monolayer on the bioscaffold surface, and even if they successfully penetrate the
matrix, their number and density were significantly lower than in native tissues as 
has been suggested by Kryger et al. (2007).
Although in vitro results indicated that the cells cannot penetrate the treated 
tissue material revealing the deficiency of repopulation of the decellularized 
constructs after implantation, in vivo, there was an acceptable level of integration 
and remodelling for the SDS-treated osteochondral bioscaffolds with the host 
environment (Fig 4-8). MRI sequences showed that at the host bone area 
hyperintense fluid signals were no longer evident, and the remodeling process was 
much advanced during the three month of implantation (Fig 4-9) and (Fig 4-10), 
the results are comparable to that has been reported for Mosaicplasty (Robert, 
2011b). Histological stating ex vivo revealed that there was a collection of well-
integrated smooth and fibrous connective tissue both at the chondral (Fig 4-11) and 
the subchondral border (Fig 4-13), while the cavity of the defect was fully replaced 
with cartilaginous tissue-like structure (Fig 4-12).
In summary, this chapter demonstrated that an ideal transplantable laminate 
needs to be: (I) biologically compatible, (II) biomechanically and functionally 
viable to handle load and (III) possesses scaffold-like characteristics to support 
cellular activity and integration.  In order to achieve these, the following chapters 
would focus, first, on providing a quantitative appraisal of the effect of the treatment 
on the microarchitecture and micromechanical characteristics of the collagen ECM 
bioscaffold; second, on microengineering of the decellularized matrix to facilitate 
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cell infiltration and regulate their activity; and third, on a feasibility study for
preparing the remaining terminal steps that are necessary prior to implantation of 
decellularized cartilage-bone plugs for a real clinical trials.
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Chapter 5: Mechano-structural 
characteristics of decellularized 
articular cartilage matrix
5.1 INTRODUCTION
According to the results presented in the chapter 4, the inference drawn by 
the assessments could indicate the differences between the physiological and 
biomechanical characteristics of intact and disrupted decellularized matrices,
nevertheless, they were rather subjective producing qualitative description of the 
condition of the matrices. As has been demonstrated, histological assays improved 
resolution for section-digest methods and microscopic techniques illuminated
structural alteration with the help of image post-processing methods, albeit, they 
were inadequate descriptors for correlating tissues biochemical constituents with
the structural organization and the corresponding biomechanical performance after 
implantation.
The aim of this chapter is, therefore, to detail a quantitative appraisal of the 
impact of the proposed decellularization protocols on the microarchitecture and 
micromechanical properties of cartilage ECM with particular elaboration on its 
mechano-structural characteristics. It introduces numerical values to the degree of 
compromise in the matrix architecture before and after treatment with the 
decellularization protocols that resulted in varying levels of proteoglycan and 
collagen condition. Spectral analysis and microscopy-based finite element models 
would utilize to facilitate capturing the matrices microarchitecture relative to their 
biomechanical response at microscale level. 
To achieve this, spectral indices were extracted from the micrographs taken 
from the cross-section of intact and decellularized cartilage following frequency 
domain analysis. Subsequently, treated samples were tested under compression 
while in silico condition are to be reproduced for two-dimensional finite element 
models developed based on the fractographic profile of the ECMs 
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microarchitecture. Load transfer patterns that highlight local strains and sites of 
stress concentration under the reproduced boundary conditions. The first goal is to 
validate whether the proposed quantitative framework can discriminate variation in 
the treated matrices. The second goal is to confirm that such variation reflect in the 
biochemical constituents of the matrices in order to provide a comprehensive 
assessment of the consequences of the effect of these processing methods on the 
micromechanical properties of the ECM bioscaffold as a spin-off to suggest the 
mechanism behind the disruption of ECM natural organization.
5.2 RESULTS
5.2.1 Degree of orientation 
Fig 5-1a presents a sample micrograph from the cross-section of a freeze-
fractured intact cartilage matrix that was used as an input for frequency domain 
analysis and the corresponding degree of orientation at successive depths 
(Fig 5-1b). Although the sampling rate was around 100 per image length, Fig 5-1b
only illustrates eight relative orientations for interpretation. The polar coordinates 
show that the distribution transformed from a sharp horizontal profile at tangential 
layers to round broad in the middle and vertical in deep layers. Each contour in 
Fig 5-1b is the power spectrum of a 2D fast Fourier transformation plotted on a 
polar coordinate of angle versus radius. As has been stated, the spectral distribution 
aligned with the angle toward which the matrix orients and the associated full width 
at half maximum (FWHM) of the distribution. 
Fig 5-2 presents depth-varying FWHM for intact and treated matrices on the 
same length scale relative to the degree of orientation with depth. It shows that the 
trend of indices in tangential layers was almost similar to both intact and treated 
matrices (Fig 5-2a). In transitional layers, the intact matrix grows in a sinusoidal 
pattern that peaked with lower bound of 45% and upper bound of 60% 
(Fig 5-2b).The indices were consistent in this region at 55% for SDS whereas they 
steadily decreased with depth for Trypsin and Triton. The intact ECM oriented more 
with depth in territorial region to 90%; SDS roughly restrained to 60% while Triton 
and Trypsin possessed similar pattern in which Triton had only half the magnitudes 
of Trypsin (Fig 5-2c).
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Fig 5-1 a) A sample micrograph of the cross-section of a freeze-fractured intact cartilage matrix; 
(b) the corresponding power spectra relative to the degree of orientation at successive depths.
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Fig 5-2 Frequency domain spectral indices i.e. Full width at half maximum (FWHM) of the power
spectrum of cartilage extracellular matrix (a) tangential region, (b) transitional region, (c) deep 
layers.
5.2.2 Discriminant analysis
The discriminant analysis shows that the indices have significantly 
contributed to the discriminant model (p<0.001), indicating that the discriminant 
function did better than chance at identifying the protocols (Table 5-1). 
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The territorial map depicted the differentiation capacity of the canonical 
functions to classify the indices with an accuracy rate of 91.7% (Fig 5-3). Not to 
mention that since the subset validated values were used, classification was based 
upon the cases that were not used to create the discriminant model. 
Table 5-1 Classification of samples using cross-validation
Sample
Predicted group membership Total
Normal SDS Triton Trypsin
Count Normal 6 0 0 0 6
SDS 0 4 0 2 6
Triton 0 0 6 0 6
Trypsin 0 0 0 6 6
% Normal 100.0 .0 .0 .0 100.0
SDS .0 66.7 .0 33.3 100.0
Triton .0 .0 100 .0 100.0
Trypsin .0 .0 .0 100.0 100.0
Fig 5-3 The territorial map of the discriminant analysis and its capacity in classifying the 
treatments; group one is for control (intact cartilage matrix); group two is for SDS, three is for 
Triton and four belongs to Trypsin treated matrices.
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5.2.3 Structural properties of the collagen network 
Fig 5-4 shows the ratio of amide I/II absorbance, which corresponds to the 
stretching and bending vibrations of collagen, and amide III/II, which corresponds
to its denaturation (Bi, et al., 2006).
Fig 5-4 FTIR spectroscopy mapping of amide I/II and amide III/II absorbance respectively for 
(a, e) intact (b, f) SDS, (c, g) Triton and (d, h) Trypsin treated cartilage matrices.
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This indicated a transition from parallel alignment (~10q) in the first 
micrometers at articular surface to perpendicular (80q90q) in deep region for the 
intact matrix (Fig 5-4a). SDS and Triton treated matrices showed two detectable 
transitions to 40q and 70q at the middle region (Fig 5-4b, c). Fig 5-5 shows 
retardation values of birefringence measurement following Picrosirius red staining
of collagen fibrils. Staining intensity increased when polarized light scattered 
perpendicular or parallel to fibrillar orientation in intact, and SDS treated samples 
with no particular luminescence at 45q and 135q (Fig 5-5a, b). 
There was also no birefringence signature for Triton treated sample 
(Fig 5-5c), whereas Trypsin luminance was concentrated at the middle region when 
slide were at 45q and 135q (Fig 5-5d). Fig 5-5e shows the relative colorimetric 
absorbance with depth in which a peak appeared in the transitional region only for 
intact, and SDS treated matrices. Trypsin treated matrix has completely lost the 
intact fibrillar alignment (Fig 5-5d), and was completely denatured (Fig 5-5e). 
Detergent-treated matrices depicted a similar fibrillar integrity compare to that in 
intact cartilage matrix (Fig 5-5a, b and c).
5.2.4 Histochemistry of collagenous and non-collagenous domain
Fig 5-6 shows Picrosirius and Trichrome stained histological sections of 
intact and treated matrices in pairs. Expect for the Trypsin treated section, staining 
faded with depth. By comparison, the staining of Mawson Trichrome and Safranin-
O revealed that there was a complete loss of proteoglycans in Trypsin and partial 
loss of tangential layers in SDS, whereas Triton indicated complete maintenance of 
non-collagenous components. 
Higher intensity of staining of intact and Triton treated samples was in mark 
contrast to SDS treated sample that absorb no stain at tangential layers and Trypsin 
that was devoid of Safranin-O signature. Fig 5-7 presents spectrophotometric 
quantification of collagen and proteoglycans content in intact and treated samples 
(p<0.001). Unlike Triton treated matrix that preserved almost all proteoglycans, 
SDS treatment made half washed away, and Trypsin lost it all. However, there was 
no statistical significant with collagen content variation (Fig 5-7b).
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Fig 5-5 Birefringence of (a) intact, (b) SDS, (c) Triton and (d) Trypsin treated collagenous 
membranes following Picrosirius red staining; (e) Spectrophotometric absorbance of the 
staining intensity for intact and treated cartilage matrix along the depth from articular 
surface to subchondral region.
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Fig 5-7 Spectrophotometric quantification of (a) collagen and (b) proteoglycans content in
intact and treated samples. Alpha level are assumed significant for p values < 0.05 with single 
asterisk symbol (*) and p < 0.01 with double asterisks (**). There was no statistical 
significance among the groups with respect to their collagen content though.
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5.2.5 Load-carrying capacity
Table 5-2 presented the elastic strain energy absorption of normal and treated 
cartilage on bone samples at different strain rates in accordance with the data plotted 
in Fig 4-2. Similar to the trend of stiffness values, the load bearing capacity was 
higher for normal sample compare to the treated samples regardless of the strain 
rate at which the elasticstrain energy absorption was determined. However, the 
impact of the disruption increased at higher strain rate. It demonstrated that 25% 
loss was recorded for SDS and Triton and 85% loss for Trypsin treated samples
relative to that of normal (p < 0.05). 
Table 5-2 Load bearing capacity of normal and depleted sample 
Elastic strain energy (mJ)
Strain Ctrl SDS Triton Trypsin
10% 0.15±0.5 0.14±0.001 0.17±0.1 0.02±0.001
20% 1.17±0.25* 0.80±0.01 1.03±0.5* 0.13±0.2*
30% 3.44±0.42* 2.38±0.03* 3.02±1.09* 0.39±0.3*
5.2.6 Microscopy-based finite element models
The porous models were build using the fractographic data of ESEM images 
of all treated and intact samples and cropped to the same size and converted to 
binary mode based on an average threshold algorithm (Heidarkhan Tehrani, et al., 
2010; Tehrani et al., 2010). The in-house edge detection algorithm traced the 
exterior boundaries of the structural features across the micrographs (Fig 5-8).
The porous profiles were then imported in Solidworks and extruded to a 2D 
finite element (FE) model as illustrated in (Fig 5-8) and the stress-strain data was 
curve-fitted to a three-term Moody-Rivlin material model to characterize 
hyperelastic behaviour of the models (Brown, et al., 2009). The curve-fitting of the 
confined compression was conducted using the Moody-Rivlin curve fitting routine 
within the ANSYS APDL curve fitting toolbox (Ansys.net, 2014) and the 
coefficient (Ci) were determined according to (O'Connell, et al., 2009; Wadham-
Gagon, et al., 2006) to define the hyperelastic material models for intact and 
decellularized matrices (Table 5-3).
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Table 5-3 The coefficients of the hyperelastic finite element models based on the curve-fitting of
experimental compression data.
Matrix Condition C 10 C 01 C 11
Intact 3148369.90771 -3176289.0159 10083659
SDS-treated 7446311.23558 -7118941.01433 1715114.74751
Triton-treated 6523101.39032 -6477494.70112 2287408.40133
Trypsin-treated 1165512.50198 -1158389.36614 302211.987629
Fig 5-8 The binary profile and dimensions of the 2D finite element models based on the intact 
and treated ECM constructs and the stiffness values that are to be determined depth-wise. 
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Fig 5-9 shows the three terms Moody-Rivlin material models fitted to the 
original stress-strain curve data using the coefficients presented in Table 5-3. In all 
cases, the initial coefficients determined an accurate and efficient curve fitting. The 
initial values of the coefficients generally come from trial and error attempts which 
for this hyperelastic models was 1 as the starting point. The solution was completed
when both the residual tolerance and the coefficient change tolerance of the error 
norm were met, or the number of iterations criterion was met.
Fig 5-9 The Mooney-Rivlin curve fitting stress versus strain plots for a) normal cartilage, b) 
SDS, c)Triton and d) trypsin-treated cartilage-on-bone laminate.
The input and calculated stress-strain curves gave a visual check on how well 
the calculated curves match the experimental data (Fig 5-9). In comparing these 
curves, calculated values were compared against the test data that represent the 
same mode of compression deformation. The calculated stress-strain curves were 
extended into regions that were not defined by the experimental data since the 
response can exceed the range of experimental strain. Fig 5-10 shows the trend of 
the stiffness values with depth for the treated cartilage matrix models. All
treatments have affected the micromechanical deformation of the ECM with trypsin
being the most different to that of normal.
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Fig 5-10 Trend and variation of stiffness in depth along the hyperelastic model of a) intact, b) 
SDS, c) Triton and d) Trypsin treated cartilage ECM constructs. The colour scale bars 
correspond to the stiffness values of the contour plots in the bottom.
The variation of stiffness values decreased significantly for triton and trypsin, 
whereas it remained much broader in SDS similar to that in normal. The similarity 
of the stiffness trend in SDS and normal confirmed its promising performance in 
terms of retaining mechanical viability and structural stability relative to the degree 
of collagen network compation as assessed microscopically and histologically in 
the previous chapter.
5.3 DISCUSSION 
This chapter presented a quantitative assessment of the structural integrity of 
the collagen network in cartilage matrix before and after treatment with the 
protocols introduced in chapter 4. Previously, it was demonstrated that the 
decellularization methods were indistinguishable by subjective means, can alter the 
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ground substance and result in varying levels of proteoglycan and collagen 
condition. Here, the quantitative analysis showed that, first of all, the proposed 
frameworks can discriminate such variation in the extracellular matrices for
connective tissues. Secondly, the extracted structural indices were able to provide 
the adequate information for correlating depth–dependent biochemical constituents 
with structural and biomechanical properties transcending the limitation in isolating 
the matrix into discrete zones and, more importantly, tracing the structural pattern 
of collagenous and non-collagenous components collectively and in a depth-wise 
manner. 
The spectral and stiffness indices portrayed the architectural pattern in intact 
and disrupted matrices implying that the argument of a simple fibrillar rotation 
cannot represent the characteristics of the ECM nor can it address the alteration due 
to the depletion of proteoglycans and the degradation of collagen fibers. Frequency 
domain analysis illustrated a more detailed pattern that traverse across the 
cartilaginous matrix by taking into account both collagenous and non-collagenous 
components to portray the realistic orientation and depth-dependent microstructure 
of the cartilage ECM (Fig 5-1). The indices depicted the mechanism behind the 
disruption of the tissues natural organization and from loading of the cartilage to 
the corresponding micromechanical response of the ECM (Fig 5-10). This 
framework can also be utilized as a predictive tool for accurate diagnosis of diseases 
that can affect or have influences on ECM microarchitecture or micromechanics
such as osteoarthritis.
With a discriminant accuracy of 91.7% (Table 5-1), (Fig 5-3), the indices 
depicted that the intact matrix oriented with depth (Fig 5-2), revealing a sinusoidal 
pattern in the transitional region identical to that unmasked for the detergent-treated 
matrices by mapping infrared spectroscopy (Fig 5-4), and birefringence 
measurement (Fig 5-5). Biochemical quantification confirmed that 0.4±0.05, 
0.7±0.2 and 1.8±0.01mJ loss in matrices load-carrying capacity (Table 5-2), was 
the consequence of fibrillar realignment caused by the depth-dependant depletion 
of 5, 30 and 90wt% of proteoglycans in SDS, Triton and Trypsin treated matrices 
respectively (p<0.001).
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In tangential region, the impact of treatments was more distinctive than to be 
deleterious (Fig 5-2). The spectral indices showed an average orientation of 35 to 
55% for intact and treated matrices regardless of the protocol used. The similarity 
in ranges and trends, however, reflects the distinct morphology of the region 
corresponding with the high staining intensity of collagen fibrils relative to the 
birefringence values at 0q, 90qand 180q (Fig 5-5). Illuminating the superficial 
architecture, the trend of the indices shows how successive layers of cartilage 
matrix merge into one another with depth similar to what has been reported 
elsewhere (Wu, Kirk, & Zheng, 2008; Zheng & Xia, 2009). Unique though is the 
architecture in this region, when disrupted, it seems that the intrinsic orientation 
was likely to be affected more by detergents and less by enzyme (Fig 5-2a). The 
hypothesis tested was that the detergents might have facilitated network fibrillar 
activity while stabilizing an imminent collagen fibrilar realignment. 
The warrant drawn given these findings is that since Triton and SDS can 
cleave lipid–lipid chains and solubilize the membrane i.e. providing “flexibility”,
while leaving protein–protein interactions intact i.e. providing “stability” (Zheng, 
Wang, & Butt, 2011), the network could have reached to such a rearrangement with 
detergents much more easily that with the enzyme i.e. trypsin, which can break the 
peptide bond in proteins, dismantle the backbone of the collagen network (Liao, et 
al., 2008) and lead to a downright collapse. Apparently, this was improbable due to 
the already packed parallel and dense architecture of the collagen network in trypsin 
treated matrices. As the collagen content remains fairly constant with depth
(Fig 5-7) similar to what has been previously reported by Malda et al. (2005), the 
impacts of the treatments on the collagen domain with respect to both the content 
(Fig 5-7) and denaturation (Fig 5-4e) was speculated to be more true in deeper 
regions. This seems to be a sound judgement of the finding that many of the 
collagen fibers do not constitute the major fibers of the matrix and the domain may 
only be small in comparison to the non-collagenous part (Thomas, Ayad, & Grant, 
1994).
In transitional region, the impact of treatments was significant as almost half 
of the cartilage matrix belongs to this region by definition (Kääb, Gwynn, & Nötzli, 
1998). The indices portrayed a sinusoidal pattern as the profile of the transitional 
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region with which the adjacent layers merge according to the classic zonal 
definitions of cartilage (Vanderploeg, Wilson, & Levenston, 2008; Wu, et al., 
2008): a transition from parallel to perpendicular. The spectral profile, however, 
indicates that this transition is not actually discrete within zones but is gradual and 
possesses a certain level of orderliness compare to the other side of the argument 
that postulates randomness (Gentili & Cancedda, 2009; Jenniskens et al., 2006).
According to Fig 5-2a and Fig 5-2b, a borderline can be recognized between 
tangential and transitional layers as the trend of the indices changes behavior 
(Fig 5-2a, b). Disrupting the salient pattern, SDS treatment resulted in 60% 
preservation of orientation compare to Trypsin 40% and Triton 30% (Fig 5-2b). 
Birefringence measurement may explain why SDS spectral indices remained the 
closest to that of the intact: the two peaks at 40-50% of depth in cartilage belongs 
to and appears in the SDS treated sample as well as the intact (Fig 5-5e). The peaks 
were corresponding to the spectrophotometric absorbance of Picrosirius red 
staining as the result of the preserved birefringence characteristics of intact collagen 
fibrils. This alignment seems to be well preserved only in SDS treated cartilage 
matrix relative to the birefringence measurements. In general, an increase in 
birefringence indicates collagensproteoglycans interaction which can be 
influenced by the alignment of the collagen fibrils, their diameter and packing 
density (de Campos Vidal & Mello, 2009; de Visser et al., 2008).
Spectrophotometry absorbance of Picrosirius red staining in a transitional region 
was relative to this interaction and the fact that based on the indices range and trend, 
SDS resulted in less disruption compared to the intact collagen microarchitecture. 
There was, however, a slight shifts in the absorbance peak in SDS toward deeper 
layers compare to a depth at which the intact peak appear (Fig 5-5e).
This could be an indication of proteoglycans presence not just because the 
component increases with depth in normal cartilage (Klein et al., 2007; Malda, et 
al., 2005) but, more importantly, because of its maintenance in SDS treated sample 
compare to those treated with the enzyme  trypsin. The same analogy fits when 
comparing the impacts of SDSTriton and TrypsinTriton. The absorbance ratio of 
amide I/II which correspond to the fibrillar alignment (Bi, et al., 2006), revealed the 
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same underlying sinusoidal pattern in SDS and Triton treated matrices, which were 
previously portrayed when intact structural indices plotted against depth.
In deeper layers, SDS treatment once again resulted in the closest spectral 
pattern to that of the intact which steadily oriented with depth to 90% at the tide 
mark; SDS restrained to 60% and Triton was responsible for two times the 
disruption induced by Trypsin. Since the proteoglycans were less vulnerable to SDS 
and Triton within this region (Fig 5-4b), it was expectable that detergents would be 
superior in preserving the architecture compare to enzyme. However, spectral 
indices tell a different story when it comes to comparing Trypsin with Triton: 
Although non-collagenous (Fig 5-4a) and collagenous domain (Fig 5-4d, h) were 
preserved more in Triton than in Trypsin, according to the trend of the indices, 
Triton was responsible for two times the disruption induced by Trypsin in this 
region (Fig 5-11).
As Fig 5-5 explains, when the specimen turned at 45q to 135q, an eruptive 
birefringence was detected in the deepest layers of the Trypsin treated matrices, 
probably indicating the predominant alignment of thick bundles of collagen fibrils. 
As vertical alignment of collagen fibers play a crucial role in cartilage 
micromechanics (Li, Shirazi-Adl, & Buschmann, 2002), the poor load–carrying 
capacity of the Trypsin treated matrix can attribute to the disruption which adds up 
to both high denaturation rate and intensive proteoglycan depletion in deep region
(Table 5-2), as has been illuminated in the previous chapter.
Just as cartilage matrix components increase with depth (Malda, et al., 2005)
and that improves the compressive modulus (Klein, et al., 2007), it would be 
rational to expect that deeper regions suffers more from intensive depletion of non-
collagenous components and the denaturation of the collagenous backbone. This 
was based on the hypothesis that parallelism of collagen network and low non-
collagenous content, which was obtained in superficial layers of the detergent 
treated matrices, particularly with SDS, is insignificant, so the construct can 
withstand the intermittent stress whereas a load-bearing site like deep region, 
benefits from complex orientation pattern and higher proteoglycan content, and 
would collapse when altered as did in Trypsin case.
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It has now clear that the presence of proteoglycans in SDS and Triton could 
provide the adequate integrity for the fibrillar conformation to resist collapsing. 
Absent proteoglycans, the denaturation of collagen fibrils (Fig 5-4h) and dramatic 
realignment in deeper layers (Fig 5-4d) could result in the disintegration of the 
entire network (Fig 5-10). Table 5-2 showed that the mechanical responses 
corresponded with the varying level of proteoglycans and collagen condition 
reflects the fact that the load bearing capacity is associated with the integrity of the 
collagen-proteoglycan entrapment system, which has been described elsewhere 
(Oloyede & Broom, 1996; Reing, et al., 2010; Roeder, Kokini, & Voytik-Harbin, 
2009).
The maintenance of this interaction with depth in detergent treated matrices 
can be compared to those treated with enzyme (Fig 5-10b, c and Fig 5-10a). The 
difference between the SDS and Triton explained the depth-dependent proteoglycan 
depletion of which SDS lost 50%wt (Fig 5-7a). It showed that even the partial 
depletion at superficial layers would affect the overall mechanical viability of the 
entire matrix. In other words, as the osmotic process within the cartilage matrix is 
dependent upon the condition of proteoglycan content (Oloyede & Broom, 1996;
Reing, et al., 2010; Roeder, et al., 2009), the integrity of the constraining collagen 
fibers reflects in the orientation of the matrix relative to the depth at which the 
disruption is induced. Thus, the alteration in indices is the consequence of the 
removal of these negatively charged macromolecules, alteration to the collagen 
alignment, integrity and the interaction between the two. 
The micromechanical responses elaborated on the microarchitectural 
variations due to this interaction (Fig 5-10). Here, the ECM constructs were 
assumed hyperelastic, as if there was an elastic potential function or strain energy 
density function which determined the corresponding stress component across the 
treated matrices (Fig 5-8). The material models were assumed to be isothermal,
nearly incompressible and expressed in terms of strain invariants. The results 
showed that a three parameters Mooney-Rivlin option provided an acceptable 
approximation to the solution at higher strain (Fig 5-9). 
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Unlike complex mathematical models, which required describing elastomer 
behavior accurately under different loading conditions. Here, ANSYS provides a 
very efficient and lucid curve fitting tool (Fig 5-10) in which the experimental 
stress–strain data was incorporated adequate for finding a matching material model 
to mimic the ECM constructs microdeformation trend. The results demonstrated 
that the stiffness changes as a function of deformation across the matrix length for 
all the treated matrices. The load-bearing capacity of the decellularized cartilage 
matrix, characterized by the stress-strain curves, showed that SDS treatment yielded
the most similar trend in load transferring pattern to that of normal and was the most 
viable model to facilitate a natural scaffold micromechanical functioning 
(Fig 5-10). The SDS samples appeared to be more viable than the Trypsin, which
had less PG content (Fig 5-7). This observation may be due to possible cleavage of 
the collagen fibrils during trypsin treatment since the load bearing capacity is a 
consequence of the integrity of the collagen-proteoglycan entrapment system as has 
been noted previously. The observation validated previous finding that the collagen 
fibrils restrain the swelling of negatively-charged PGs and that the damage to its 
structural integrity has been shown to affect the overall mechanical viability of the 
matrix in a depth-wise manner (Garcia-Seco et al., 2005; Simha et al., 1999).
Again, the trend of the stiffness along the matrices depth, which was extracted 
from the numerical simulation, pointed out that the loss of proteoglycans was the 
cause for the loss of mechanical viability of which the trypsin-treated sample was 
the most unsuitable for load bearing (Fig 5-11). This also explained the change in 
cartilage microarchitectural arrangement observed as the collagen meshwork 
“collapse” (Fig 4-2). The results demonstrated a significant impairment of cartilage 
microarchitectural organization and micromechanical characteristics with depth. 
However, it revealed that, relative to the normal samples, the load-bearing capacity 
of SDS and Triton were not severely altered as opposed to the Trypsin samples. The 
stiffness parameters, which are bulk properties of the combined solid and fluid 
components of the matrix, indicated that SDS treatment yields the most 
mechanically-viable bioscaffold. An advantage of having a biomechanically viable 
laminate reduces problem with contamination as well as cell-mediated immune 
responses and allows for long term storage of these laminates on “shelf”.
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In conclusion, it was found that the extraction of quantitative data together 
with qualitative appraisal presented here and in chapter 4 provided a detailed 
implementation of the condition of the cartilage matrix after decellularization with 
the most common protocols in reference to the literature. It was depicted that the 
trypsin–treated (enzymatic) samples were the most unsuitable for load-bearing and 
the SDS-triton (detergent-based) protocols is the most suitable for decellularization 
of cartilage matrix, in particular, for those that are intended for load bearing 
application. However, in reference to the tissue engineering concept reviewed in 
chapter 2, it is critical for the decellularized laminates to be able to accept migrating
cells, at least post implantation and that the long-term survival of the xenografts 
made from ECM bioscaffolds would depend on the continued viability of these cells
inside the chondral layer. The following chapter hence would assess the feasibility 
of microengineering of the decellularized cartilage extracellular matrix-on-bone 
into a functional bioscaffold system that enhances cell activity and instruct 
migration pattern for cell homing, optimal attachment, infiltration, proliferation and 
laying new matrix inside the host environment.
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Chapter 6: Microengineering of the 
decellularized cartilage-matrix 
bioscaffold
6.1 INTRODUCTION
The aim of this chapter is to investigate the microengineering of artificial 
micro size channels into the decellularized cartilage matrix, based on the key
findings discussed in chapter 4 and 5 that during an efficient cell wash-out, the 
collagen network collapses due to the concomitant proteoglycan removal leading to 
matrix compaction and, therefore, cannot be penetrated by the cells 
(recellularization). In order to promote integration of cartilage-to-cartilage and 
subchondral bone interfaces post-implantation, here, we assess the feasibility of 
microengineering the collagen membrane by incorporating optimal microchannels 
that can instruct cell migration and homing into the decellularized system and 
provide adequate space for their proliferation and new matrix production within the 
decellularized cartilage biomatrix. The candidate microengineering design must 
have optimized size, number and distribution of microchannels that can instruct 
cells inside the decellularized cartilage bioscaffold.
The exploration begins with prototyping microporous designs using 
polymeric scaffolds before translating the optimal design to the decellularized 
cartilage matrix and microengineering of the osteochondral laminates. Here, 
microporous rapid-prototypes were microfabricated with a medical grade acrylic-
based biophotopolymer using a 3D printer to conduct an exploratory study on the 
optimal design which would be replicated onto the decellularized matrix using laser 
ablation micropatterning technique. The channels were expected to act as micro-
capillaries that work as conduits, in particular, for cell delivery as well as oxygen 
and nutrients from the host environment into the bioscaffold. The functionality of 
the candidate microporous xenogeneic ECM-based osteochondral plug in doing so 
is validated in vitro and then assessed in vivo using a sheep animal model. 
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6.2 RESULTS
6.2.1 3D printing and rapid prototyping
Fig 6-1 shows 3D printed microporous designs planned using the D-
optimality criterion (Table 3-1), and in accordance with the design parameters
determined in section 3.4.1. All the 12 rapid prototypes were 3D printed in triplicate 
(×3) and twice (×2) to give a total sample size of n=72 for statistical purposes.
Fig 6-1 The polymeric prototypes were 3D printed according to the 12 designs of the 
experiments in triplicate. 
6.2.2 Optimization of the microengineering design 
Since the aim was to find and replicate the optimal design onto the
decellularized cartilage matrix using a laser ablation micropatterning technique, the 
size of the microchannels, their density and orientation must be reproducible. This 
is due to the fact that the 3D printer extrudes fresh material layer by layer i.e. 
deposit; while the laser micropatterning remove the excess material gradually i.e. 
ablate. The optimal design was, therefore, determined based on the manufacturing 
feasibility and the viability of the seeded cells on each prototype after their 
attachment for 24 hours and proliferation for 48 hours. Fig 6-2 shows cell viability 
against the size of the microchannels for the aforementioned time points.
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Fig 6-2 Chondrocytes viability versus microchannels’ size for two time points: 1) the 
attachment after 24 hours and 2) proliferation after 48 hours. The number of viable cells 
decreases with microchannels size (p<0.05) within 24 hours (attachment), whereas it increased 
with size during proliferation i.e. second time point (p>0.05). Pore sizes levels: 1, 2, 3 and 4 
refers to the size of the microchannels according to the design of experiment in section 3.4.1.
The smaller microchannel size had a higher number of viable cells after 
attachment (time point 1), whereas the number of viable cells increased with 
proliferation after 48 hours in the bigger microchannels. Since the variation was 
relatively broad within the same group in levels number 3 and 4 (Fig 6-2), there 
was no significant relationship between the microchannel size and viability for the 
second time point, despite the increase in mean value. 
Franke et al. (2009) reported that cell proliferation decreased with the size of 
microcavities on elastomer-based constructs. Kikuchi, Kikuchi, and Kuboki (1999)
previously investigated the movement of fibroblast-like cells inside square and 
circular microchannel arrays of 25Pm to 600Pm in diameter for which the smallest 
quartile (~ 100Pm) were determined with maximal growth rate.
It can be argued that the increase in the number of viable cells with 
microchannel size attributes to the space that was provided on the culture plate for 
the prototypes that had bigger channels. However, given the fact that the attachment 
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phase had a higher priority for the design of microchannels into the cartilage matrix
later, and that the variation was high enough that no significant relationship could 
be confirmed based on the second time point, microchannel size of less than 200μm 
seems to be the best working design choice. In other words, since the smallest 
microchannel size had the highest number of viable cells it can guarantee an optimal 
attachment phase for the purpose of this study at least. This was also in good 
agreement with the literature where microchannel size between 100 μm to 250 μm 
suggested to be the most promising for such cellular activity (Pilia et al., 2013).
Fig 6-3 depicts viability results against the density of the microchannels. The 
mean and variance values showed that there was no significant relationship between 
the number of viable cells and microchannels densities. However, the higher 
number of microchannels ascribes to the higher overall volume porosity for that 
design which is a desirable scaffold characteristic and, hence, can be a criterion for 
choosing the density in this study. Noteworthy is that the higher the porosity gets, 
the weaker the construct becomes, so there needs to be a balance between the two. 
Given that, the design with the medium density of microchannels was determined 
to be the optimum to benefit both mechanical performance and biological activity. 
Fig 6-3 Chondrocytes viability versus microchannels’ density for two time points: 1) the 
attachment after 24 hours and 2) proliferation after 48 hours. There was no a significant 
relationship between the number of viable cells and the density neither during the attachment
time point 1 nor after the proliferation for 48 hours (time point 2).  
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The third design criterion was the pattern of microchannels. Fig 6-4 shows 
the viability results against two different orientation patterning: uniform and 
hexagonal. There was no significant difference between the number of viable cells 
in the design with uniform and hexagonal orientation during the first 24 hours 
(attachment). However, after 48 hours cells proliferation increased significantly in 
the design that had a hexagonal distribution of microchannels (p < 0.05).
Not to mention that, hexagonal patterns also showed to have better stability 
and less stress concentration from a mechanical design stand point. As a result, the 
optimal design included smallest microchannels with an average density and a 
hexagonal pattern to be ablated using a laser micropatterning technique onto the 
decellularized cartilage matrix.
Fig 6-4 Chondrocytes viability results against two different orientation patterning. 
Chondrocytes viability versus microchannels’ distribution pattern for two time points: 1) the 
attachment after 24 hours and 2) proliferation after 48 hours. There was a significant 
relationship between the number for viable cells and the patterns during the first time point 1
(p<0.05). However, the number of viable cells increases with time during proliferation.
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6.2.3 Flow pattern characterization
The same CAD file of the optimal design, which was previously used as the 
input file for the 3D printer, was used to conduct an explanatory study on analysing 
the flow pattern of the superficial fluid flow that might govern cellular migration 
path into the microchannels. The study aimed to give an insight into the capacity of 
the microchannels to instruct cell migration, homing and recellularization of the 
entire ECM bioscaffold and possibly to be of help with illuminating the mechanism 
behind the instructive characteristic of such a system if successful in regulating 
cellular phenotypic behaviour. To have a qualitative perspective of the microfluidic 
influence of the microchannels, similar to what the MTT assessment provided with 
the viability, a simple computational fluid dynamic analysis was carried out using 
the Ansys CFX (©Ansys Workbench CFX) as has been described in section 3.4.3. 
Fig 6-5 shows the fluid domain of the CFD model with a hexagonal distribution of 
microchannels obtained in the previous section.   
Fig 6-5 The CFD model of the fluid domain of the CAD model for the microchannels inside the 
polymer scaffold showing the direction of the fluid flow simulation from the inlet to the outlet. 
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The investigation depicted the streamlines of the flow, illustrating the wall-
induced shear stress on the cells that are to be migrated inside the bioscaffold from 
the premises of the plug as a potential governing parameter. The steady-state 
Navier-Stokes equation was solved using Ansys CFX at a reference pressure of 1 
atm at the inlet, with a speed of 10 ms-1 (Fig 6-6). The results showed an average
fluid velocity of 3×10-2mms-1 and an average shear stress of 5.65×10-2 Pa, when a
fully developed incompressible, homogeneous, Newtonian fluid flowed throughout 
the microchannels with no-slip condition on the walls (Fig 6-6a). 
a
b
Fig 6-6 Velocity profile of the flow around the microchannels of the optimal scaffold design. a) The 
velocity contour plot and b) the velocity streamline profile
Chapter 6: Microengineering of the decellularized cartilage-matrix bioscaffold 141
Although the analytical solution of a Poiseuille flow could also describe the 
flow profile inside the microchannels, due to the outside flow-induced turbulence,
there was a unique pattern of streamlines from the surface throughout the 
microchannels that potentially affect cells migration (Fig 6-6b). Here, the fluid 
dynamic analysis can only be used for the interpretation of the effect of the 
microchannel design on the capacity of the recellularization efficiency. Fig 6-7
shows the streamlines of this flow which can be beneficial in particular for the 
discussion about cell migration pattern and recellularization of the decellularized 
cartilage matrix in vitro and in vivo in the following sections.
Fig 6-7 Wall shear-induced stress at the surface around the microchannels
Incidentally, for future analysis, the culture condition needs to be reproduced 
for all the 3D printed constructs seeded by high pellet densities of chondrocyte cells, 
for example, using a purpose built computer-controlled bioreactor if the 
optimization is to be based on the CFD analysis. For the scope of this thesis, the 
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optimization was carried out based on the in vitro assessment and the bioreactor 
measurement was left for future validation of the CFD computational model and 
more accurate design of microchannels that are aim to regulate and direct more 
complex cell behaviours like their phenotypic differentiation and even gene 
expressions. 
6.2.4 Replicating the optimal microengineering design on the decellularized 
cartilage matrix
The optimal design of the microchannels’ size, density and orientation was
replicated onto the decellularized cartilage matrix using laser ablation 
micropatterning technique. Fig 6-8 shows the accuracy of the laser micropatterning
which was programmed with its built-in software, which is capable of accepting 
multiple ablation paths and automatic drilling without interference. It replicated the 
same design that the prototypes had been manufactured with on the decellularized 
cartilage matrix, and the fluid dynamic analysis was based on.
Fig 6-8 Optimal micropatterning design showing ablated microchannels of 200 μm with 
hexagonal design on decellularized cartilage on-bone laminates
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The functionality and the migration behavior of the seeded cells on the 
candidate microporous xenogeneic ECM-based platform were then assessed in 
vitro. Not to mention, apart from the feasibility of the assessment of the 
microengineering of the cartilage matrix in vitro i.e. imaging and microscopy 
logistics, in order to save the articular surface intact, the optimal microchannel 
design was ablated on the chondral layer sides of the osteochondral plug (Fig 6-9). 
The argument was based on the assumption that both nutrient and cellular materials 
can also be delivered from the adjacent host tissue and from the vascular 
subchondral system and the avascular interface of the host cartilage. 
Fig 6-9 The optimal design of microchannel’s size, density and orientation on the side of a 
circular disk-like chondral layers of the osteochondral plug
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Given the fact that the synovial fluid might also deliver growth factors and 
other pluripotent cells from the surface if the microchannels are available at the 
surface, a premise was that the microengineered plug would be permeable to those 
elements post-implantation either way.
a
b
Fig 6-10 The microchannels on the decellularized cartilage layer a) hexagonal design pattern of 
rows of microchannels, b) single microchannel indicating a complete circular profile.
6.2.5 In vitro assessment of microengineered decellularized cartilage matrix
Scanning electron microscopy
Since the constructs were in cylindrical shape, the microchannels are 
concentric to one another when ablated as has been illustrated in Fig 6-9. For in 
Chapter 6: Microengineering of the decellularized cartilage-matrix bioscaffold 145
vitro appraisal though, the microchannels were ablation on the plane surface of the 
decellularized cartilage matrix in order that multiple rows of microchannels can be 
ablated for a single sample, and more importantly, the morphological assessments 
are feasible in a single focal plane for SEM and confocal imaging. Fig 6-10 shows 
the profile of the microchannels on the cartilage layer to give a view of how the 
microchannels arrange after ablation. 
a
b
Fig 6-11 SEM micrographs of cells (arrowed) after a) attachment for 24 hours and b) 
proliferation for 48 hours around the a microchannel inside the decellularized cartilage.
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Fig 6-10b portrayed a single microchannel that have a complete circular 
profile and the area surrounding the rim of the ablation. Cells were approximately 
FRQÀXHQWZKHQVHHGHGon the microengineered decellularized bioscaffolds and 
formed densely packed aggregates following 24 hours of culture. Cells propagated 
through the channels appeared slightly larger than those on the surface as they can 
spatially attach in a three-dimensional space provided by the microchannels 
(Fig 6-11). The seeded chondrocyte cells exhibited a flattened epithelial-like 
morphology on the surface and comparatively elongated spindle-like morphology
inside the microchannels.
Fig 6-11a shows that the cells on the surfaces were evenly distributed across 
the provided flat surface but crowded together reaching to confluence, compared 
with cells seeded inside the microchannels, which faced a greater amount of space 
and can sense the curvature of the wall of the microchannel to which they anchored  
(Fig 6-11a). Microscopic observation showed WKDW FHOOV ¿UPO\ DWWDFKHG WR WKH
decellularized cartilage after eight hours and were not displaced from where they 
attached with the addition of media to the cells at the bottom. Fig 6-11b reveals that 
the cells experiencing the touch of the 3D curvature of the decellularized wall 
underneath them formed a 3D rounded shape unlike their flat neighbor cells on the 
surface as was apparent in Fig 6-12.
Fig 6-12 provides a closer look at the distribution of the cells attaching to the 
walls of a microchannel, with a similar vertical form parallel to the channel’s 
ablation direction. The cells aligned with the wall of the microchannels seemed to 
crawl in the similar direction toward which the laser aimed at. Fig 6-12b shows a 
single cell (white arrow) at the edge of a microchannel, which just entered the 
capillary and had a small section on the articular surface and another cell (black 
arrow) which settled just at its entrance on the surface. Of importance is also the 
morphology of the two cells, which is significantly different, having a flattened 2D
morphology for the one on the surface (black arrow) and spindle-like 3D for the 
one inside the microchannel. 
Fig 6-13a shows two chondrocyte cells attaching in a refractile shape to the 
microchannel walls (black arrows) with a well-extended morphology as opposed to 
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those flatten on the surface. Fig 6-13b shows multiple star-like cells traveling down 
into a microchannel, seemingly using a similar migration pathway. Again, the cell 
which was left out of the microchannels possessed a flattened shape unlike the 
others, which were successful to enter. 
a
b
Fig 6-12 SEM micrographs of cell attaching inside the a microchannel wall inside decellularized 
cartilage (white arrow) and a flatten cell on the surface (black arrow) after 48 hours of culture in two 
different magnifications a) 280X and b) 450X.
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After two weeks of culture, the migrated chondrocytes inside the 
microchannels did not maintain their flat morphology and exhibited a spatial
configuration with prominent extracellular extensions anchoring and connecting the 
microchannels wall-to-wall (Fig 6-14). This morphology resembles chondrocytes 
in their native 3D culture environment as if they are embedded in their own matrix. 
a
b
Fig 6-13 Cell migration (arrowed) and morphology inside the microchannels of the decellularized 
cartilage after 72 hours of culture in two magnifications a) 2.36 KX and b) 1.79 KX 
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The filamentous material seems to be excreted to reinforce the anchorage of the 
cells from which they were produced. Fig 6-14a shows the thickness difference 
between the cells embedded in their own matrix compares to when they just 
attached on the surface.
a
b
Fig 6-14 Cell anchorage (arrowed) across microchannels in the decellularized cartilage in 
two different microchannels a) with 1.6 KX and b) with 1.4 KX magnification. 
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ab
Fig 6-15 Matrix production and filling of the microchannels (arrowed) after full growth media 
introduction for two arbitrary microchannels at a) 97X and b)76X magnifications.
Fig 6-14b shows that the size of the microchannels was exactly fit for a single 
cell to bridge across when extended to its almost full possible length, further 
validate the appropriateness of the microchannels design. This would guarantee the 
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subsequent phenotypic behaviors of the cells to act in their full capacity when 
sensing the 3D environment in which they are entrapped. Fig 6-15a shows that when 
this happens, not only the proliferation phase is affected but when the new matrix 
begins to form, the cells can better engineer their surroundings for the fate toward 
which they are committed. Fig 6-15b shows that the cells introduced to the 
chondrogenic media started to fill in the void space of the microchannels with 
excreting the surface-associated filamentous material in a spatial configuration,
unlike the superficial flattened matrix formation.
Fig 6-16 SEM micrograph of filamentous structure of new matrix forming inside microchannels 
of the decellularized cartilage.
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Fig 6-15 shows how superficial extracellular collagen-like filaments merged 
with the new cartilage matrix, forming the migrated cells down inside the 
microchannels. It also confirmed the optimal size (diameter) of the microchannels 
for adequate matrix production and filling of the ablated space after three weeks of 
culture. 
a b
c d
Fig 6-17 Multiphoton confocal images of the distribution and migration 
pattern of cells cultured for a) 24 hours b) 1 week c) 72 hours d) two 
weeks on microengineered decellularized cartilage
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Fig 6-16 shows four cells entrapped in their own matrix forming new 
extracellular matrix cocoons. Surprisingly one of the cells floated over the new 
collagenous network and could travel almost to the center of the microchannel 
attesting more the possibility of migration even after the attachment phase on the 
decellularized cartilage matrix substrate. If the cells can shuffle around after 
attachment, it means that there is a cross-talk between them through the extension 
of new matrix and the sensing would basically enhances their awareness of the new 
surrounding and the capacity of the neighboring cells, to act in concert for a better 
re-engineering of the new environment to what the cells desire and based on the 
lineage toward which are committed. 
Multiphoton confocal microscopy
Confocal images show that the new matrix formed from the same intercellular 
spaces (Fig 6-17b, d). The morphology of the cells shows that the cells exhibited 
the typical, spindle-shaped morphology (Fig 6-17a) and cell-to-cell interaction, and 
migration were easily achievable via the microchannels (Fig 6-17c). The cells also 
adhered to and interacted with the secreted filaments, which spread over the walls 
of the microchannels in a rotational pattern (Fig 6-18a). Fig 6-18b shows that the 
cells migrated deep down in the microchannels in a same swirling pattern as was 
depicted in the upper layers. Fig 6-19 shows that when the cells were introduced to 
the chondrogenic media, they began to move closer to one another, and cellular 
condensation activity inside the microchannels accelerated shortly after the 
induction. 
During the second week, the cell-aggregates led to increased extracellular 
matrix production and the void spaces started to be filled as has been showed
previously (Fig 6-16). It was also evident that the size of the microchannels was 
optimal for the chondrocytes to anchor and also for them to travel down into deeper 
layers. Fig 6-19 shows that after two weeks of culture the resident chondrocytes 
migrated throughout the microchannels and that not only did they refrain from the
2D flat morphology but also they exhibited a spatial conformation with prominent 
extracellular matrix, which extended along the microchannels depth similar to that 
presented using scanning electron micrographs (Fig 6-16). 
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ab
Fig 6-18 Multiphoton confocal images of the instructive microengineered decellularized 
cartilage substrate showing cell migration deep inside the microchannels at two different 
depths: at a) surface and b) 600μm inside the microchannels.
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Fig 6-19 shows a single cell embedded in its own matrix in a 3D arrangement, 
half of which is visible in a deeper focal plane (Fig 6-19b) and the other half at a 
more superficial plane (Fig 6-19a), attesting the spatial formation when cells 
elongated along the depth of the microchannels.
a
b
Fig 6-19 Multiphoton confocal images of cell-matrix anchorage across a microchannel at 
a) superficial layers and b) 200μm of depth.
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6.2.6 In vivo assessment of microengineered xenogeneic osteochondral plug
Morphological observation
The microengineered decellularized plug was implanted exactly in the middle 
of the femoral trochlear ridge next to the decellularized plug (without 
microchannels), which has been assessed in Chapter 4. As has been noted, the in 
vivo experiment carried out in this study includes one animal model (n=1). 
However, to be able to make precise inferences about the assessments with robust 
statistical power, more samples are required. A power analysis of the in vivo
experimental design can determine the minimum number of animals needed. As 
was noted, the surgical procedure was performed without any major complications 
or any subcutaneous inflammation, and the sheep remained healthy throughout the 
experiment, and the postoperative cast was well tolerated by the animal. The colour 
and surface characteristics of the plug interface and that of the adjacent host tissue 
was not distinguishable with the naked eye as the fusion was complete.
Fig 6-20 shows that, at the rim of the plug, where the chondral interface 
between the animal cartilage and that of the plug is located, there was no sign of 
visual marking that can be used to separate the two environments indicating that the 
infusion was complete at the chondral layers. Despite the integration of the plugs 
with the host tissue, it is noteworthy that the periphery of the graft without the 
microchannels was different to that of the control, where the colour and the surface 
look of the rim of the microengineered plug was in union with the host environment.
Radiological diagnosis (X-ray) 
Fig 6-21 shows the radiological diagnosis (X-ray) of the pathological 
condition and associated lesions around the cartilage-bone focal defect. Although it 
is hard to view the exact location of the microengineered osteochondral plug 
relative to the control (here, decellularized without microchannels), none showed 
an inflammatory response in the joint or at the subcutaneous areas. Not to mention 
that the subcutaneous samples could not be located after three months since their 
location was not fixed unlike the osteochondral plugs and they were free to migrate 
around, nevertheless, no sign of subcutaneous inflammation was recorded during 
the study.
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6.2.7 Ex vivo appraisal of microengineered decellularized osteochondral plug
Magnetic resonance imaging
Fig 6-22 shows magnetic resonance imaging of the microengineered plug 
inside the femoral trochlear ridge of the sheep’s joint after three months of 
implantation. The anatomical micrographs enable morphological evaluation of the 
surface, thickness and volume of the osteochondral defects, the integration of 
chondral layer and adjacent subchondral bone area, both of which are remodeled to 
a great extent with full cartilage thickness forming at the peripheries of the defect.
a
b
Fig 6-20 Osteochondral defects were made in the femoral trochlear ridge b) Post–surgical 
imaging of the osteochondral plugs integration with at the host site.
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Fig 6-22a shows that the cartilage layer covered the ridge from edge-to-edge,
and there was no discontinuity even at the focal centre  which had been drilled and 
removed at the time of implantation. The integration of the host chondral 
environment and the microengineered decellularized cartilage layer was complete,
and the underlying subchondral bone area was remodelled to a great extent. There 
is a visual demarcation of the presence of the tide mark and the cancellous bone 
structure at the subchondral region (Fig 6-22b).
Multiphoton confocal microscopy
Fig 6-23 shows multiphoton confocal images at two arbitrary depths of the 
microengineered plug, showing cellular invasion and matrix formation. The
staining shows Phalloidin (Alexa flour 568) bound to the cellular excretion of the 
new forming extracellular matrix and DAPI illuminating nuclei of the cells.
Fig 6-23a and Fig 6-23b show the repopulation of the decellularized plug through 
the microchannels. However, due to the overlapping of the focal planes, the native 
cells and the new forming matrix are shown together. Considering the orientation 
Fig 6-21 a) Radiological diagnosis (X-ray) micrographs of the microengineered xenograft (white 
arrow) inside the femoral trochlear ridge of the sheep’s joint after 3 months of implantation.
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of the sample, the cells were distributed more at upper layers, and the concentration 
of cells decreased with depth. However, matrix formation was abundant at deeper 
layers, probably due to the hierarchical structure of the cartilage matrix and the 
accessibility to more oxygen and nutrient supplies by the host. 
a
b
Fig 6-22 Magnetic resonance imaging (MRI) shows the anatomical evaluation from a) axial and 
b) sagittal view showing the microengineered plug in the femoral trochlear ridge. 
160 Chapter 6: Microengineering of the decellularized cartilage-matrix bioscaffold
ab
Fig 6-23 Multiphoton confocal images of two arbitrary depths, a) 250μm and b) 400 μm 
from the plug surfaces downward showing cellular invasion and matrix formation.
Trichromatic histological staining 
Fig 6-24 shows histological sections of the microengineered decellularized 
bioscaffold when explanted after three months of implantation in the femoral
trochlear ridge of a sheep animal model. Fig 6-24a was taken at 10X magnification 
showing two adjacent microchannels, almost half of which were remodelled with 
the newly formed cartilaginous matrix. Fig 4-10b was taken at 20X magnification 
showing the porous microstructure of the new matrix filling a microchannel and 
how the integration took place after three months of remodelling in a load-bearing 
area in a joint of a sheep animal model.   
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ab
Fig 6-24 Shows histological sections of microengineered cartilage matrix in two 
magnification a) 10X and b) 20X stained with trichrome for total collagen in red, cell 
nucleus in purple and counterstaining collagen-like proteins in blue.
Fig 6-25 shows a microchannel on the left which is almost closed with the 
new matrix and the strength of the newly formed matrix being strong enough to 
resist the shear stress of the microtome blade unlike its adjacent incomplete matrix 
formation inside the microchannels. Fig 6-25a shows that, even with the same size 
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of microchannels, there was a significant difference in the healing process of two 
adjacent microchannels compare to that in the control indicating the complexity and 
variability of the process. Fig 6-25b shows how porous and weak the matrix can be 
healing compared to a well-integrated interface and that various factor can affect 
the remodelling progression such as the likelihood of cell migration in each 
microchannel or its distance to host cells, oxygen and nutrient supply.  
a
b
Fig 6-25a Shows a closed and its adjacent porous microchannel in two magnification a) 20X 
and b) 40X stained with trichrome for total collagen in red, cell nucleus in purple and 
counterstaining collagen-like proteins in blue.
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Mechanical performance
Fig 6-26 shows stiffness values of the sheep healthy cartilage on bone (Host, 
Ovine), the as-received donated plug unit (Donor, Bovine), the microengineered 
decellularized laminate (Plug A) and the decellularized laminate (Plug B) before 
implantation in the femoral ridge of the sheep’s joint and after explantation (three 
months).  
Compression test results show that both the decellularization process and the 
microengineering of cartilage matrix had a significant impact on the samples’ 
mechanical performance (p-value< 0.001). However, the variability of stiffness 
values even among native cartilage samples is quit high that only large sample size 
and long-term in vivo studies can result in reliable outcome.
Fig 6-26 Mechanical performance of samples host (Ovine), donor (Bovine), microengineered
decellularized laminate (Plug A), the decellularized laminate (Plug B) before and after 
implantation in the femoral ridge of the sheep animal model for three months. Alpha level was 
assumed significant for p values < 0.05 with single asterisk symbol (*), p<0.01 with double 
asterisks symbol (**) and p<0.001 with triple asterisks symbol (***).
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The bar chart demonstrated that the microengineered plug had initially lost a 
greater portion of its mechanical performance, compared to that of the 
decellularized and native plugs. However, at the end of the animal study, when the 
samples were explanted, they showed a superior mechanical viability compare to 
the control. There was an average loss of 50% of stiffness for the proposed 
xenogeneic cartilage-bone transplants. The post hoc test depicted that each 
processing step induced a percentage of mechanical impairment to the laminates 
and during the preparation steps (Fig 6-26). 
6.3 DISCUSSION
According to what has been argued in the preceding chapters on the 
assessment of different preparation protocols in obtaining a xenogeneic cartilage-
on-bone laminate, and the results and discussions provided so far, it was
demonstrated that is possible to optimize a decellularization protocol, which is 
capable of removing xeno-antigens from the donated tissue, and at the same time,
maintain the mechanostructural properties of the native extracellular matrix, 
comparable to similar attempts that have been made by others (Keane, et al., 2012;
Reing, et al., 2010; Yang et al., 2009). This chapter, in particular, stepped further 
and demonstrated that it is also possible to engineer and enhanced the physiological 
characteristics of the treated tissue-based constructs and achieve a functional 
bioscaffold through precise microengineering of the decellularized ECM platform.
Previously, it was shown that, in spite of the ability to maximize the 
processing efficiency of decellularization and minimizing the adverse effect of the 
preparation steps, cells are unable to infiltrate into the dense collagen network and 
that the repopulation of the acellular system was inadequate. This issue has been 
reported in various studies and is an existing challenge in creating natural ECM 
bioscaffolds (Badylak, Taylor, & Uygun, 2011; Ingram, et al., 2007; Tosun & 
McFetridge, 2013). This necessitated the investigation on a method of 
manufacturing artificial microchannels into the ECM constructs to make up for the 
space required by the new cells. It was argued that the dense collagen meshwork
prevent host cells from migrating deep into the implant, which would postulate to 
adversely affect cell activities inside the defected area after implantation, including
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their differentiation and eventually delay the remodeling phase at chondral and 
subchondral interfaces. In other words, the limitation with recellularization would 
prevent host cells migration leading to poor and inadequate remodeling and 
integration at the host site. 
A novel micropatterning technique was utilized using laser ablation to 
incorporate microchannels with optimum size, density and distribution into the 
decellularized cartilage matrix, which was previously determined based on a 
preliminary optimization using 12 different microchannels design. It was 
determined that an average density of microchannels of about 200Pm could
maximize cellular activity. This was in good agreement with other studies such as
the work done by (Pilia, et al., 2013), in which they investigated the effect of 
substrate curvature on osteoblast growth and reported that microchannels size 
between 100Pm and 250Pm favored best the cellular activity. The in vitro and in 
vivo studies demonstrated here too showed that the optimal microengineering
design could successfully act as an instructive environment that guided cell 
behavior and regulated cellular activities inside the capillaries and influence the 
functionality of the entire ECM-derived tissue-based construct. 
As the only difference between the decellularized xenogeneic plugs were the 
presence of the microchannels, it can be argued that the host cellular activity can 
regulate differentiation of migrated cells into the cartilage-ECM interface and 
within the plugs. This provided the additional opportunity, a second chance, for the 
host cells to re-engineer the environment of the microengineered ECM bioscaffold 
in vivo to match with their desired phenotypic behaviour and based on the lineage 
toward which they were committed. The bone remodelling, however, was almost 
identical for the two plugs, probably due to the presence of similar factors that were 
delivered through vascular system and the presence of blood clotting, especially, 
when compared to the significant different to that of the avascular component. The 
results were in good agreement to those achieved for bone (Kheir, et al., 2011b),
and was comparable to those achieved with other decellularized cartilage matrices
(Schwarz, Koerber, Elsaesser, Goldberg-Bockhorn, Seitz, Dürselen, Ignatius, 
Walter, et al., 2012; Schwarz, Koerber, Elsaesser, Goldberg-Bockhorn, Seitz, 
Dürselen, Ignatius, Walther, et al., 2012; Yang, et al., 2010b).
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The results demonstrated the enhanced functionality of the microengineered 
avascular component to match more readily with the host environment similar to 
that has been achieved for vascular systems (Lichtenberg et al., 2007; Tudorache, 
et al., 2007; Yang et al., 2012), where the essentials for remodeling are abundant 
and more accessible. It demonstrates the high capacity of a biomimetic system with 
appropriate mechanostructural characteristics and viability that fulfill the 
requirements of a biologically sourced and transplantable implant. The findings
contributed to the knowledge required to produce a microengineered ECM 
bioscaffold that regulates cellular activity appraising transplantable plugs of a
donor-receiver platform. The assessments of the microengineered decellularized 
cartilage-on-bone plugs carried out in vitro, in vivo and ex vivo, showed that the 
mechanism of nutrient and waste exchange can also be manipulated using this 
approach. Cell infiltration is also achievable, and the microengineered cartilage 
matrix is capable of sustaining cellular activities which continue after implantation,
facilitating the chance for the host cells to migrate and alter the implant even further 
during the remodelling process.
 Apart from the obvious impairment of functional viability and biomechanical 
stability after decellularization, the microengineered decellularized bioscaffold 
could provide sufficient anchorage for migrating cell and accept recellularization. 
Like other artificial fibrous membranes and decellularized bioscaffolds, the 
laminates obtained here provided good support for cell culture and showed 
increased cell proliferation and matrix formation. However, cell proliferation was 
not anymore limited to the superficial layer of the ECM bioscaffold as has been 
depicted previously, and on the contrary, it was successfully achieved due to the 
presence of optimized micro-sized channels. The heavy concentration of cells and 
significant penetration of cells into the decellularized matrix was shown via 3D 
multiphoton confocal and scanning electron microscopy, which clearly validated 
full depth cell infiltration into the inner layers of the decellularized cartilage matrix. 
According to the literature, homogeneous full-depth recellularization has not been 
attained previously.
In conclusion, the functionality of the microengineered osteochondral plugs
in surviving a load-bearing biological environment and the enhanced quality of the 
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implant-host integration at the avascular interface was achieved in this feasibility 
study. The proposed transplantable laminate was biologically compatible, 
biomechanically and functionally viable and could handle the load during 
remodelling and support, in vitro and in vivo cell infiltration and integration. The
microengineered xenogeneic matrices demonstrated a promising scaffold-like 
platform that could instruct cell migration and promote the spatial recellularization
of the decellularized ECM biomatrix construct. The incorporation of optimized 
number, size and distribution of microchannels provided a conduit for delivery and 
retention of cells, oxygen and nutrient and arguably waste exchange. The in vivo
study confirmed that this enabled the diffusion of vital cell nutrient products and 
exertion of certain mechanical and biological cues to modify the behaviour of the 
cell activity after implantation. The finding supports the hypothesis that the 
microengineering of the decellularized ECM provided the additional chance for the 
host cell to continue to alter the environment even during the remodelling process 
toward their desire, which further promote the capacity of the bioscaffold in various 
manners. The ex vivo assessments revealed that the addition of this extra volume 
porosity was necessary to facilitate cell and nutrients-diffusion throughout such a 
system.
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Chapter 7: Terminal sterilization of 
cartilage-bone plugs using 
pulsed power plasma 
7.1 INTRODUCTION
The aim of this chapter is to evaluate the feasibility of a protocol that can 
render the cartilage bone plugs sterility and structural integrity. It hypothesizes that 
pulsed plasma discharges can sterilize cartilage and bone tissue compartment of the 
proposed laminate model with little or no deleterious effect on their functional 
properties. For the feasibility study conducted in this research, we have designed 
and developed a pulsed power supply in collaboration with QUT power engineering 
group, which has been described below in reference to our previously published 
study (Heidarkhan Tehrani, et al., 2014), to appraise the capacity of non-thermal 
plasma medium for sterilizing connective tissues; providing full control over 
adjustable parameters like input voltage and rate of rise. 
The proposed method aims to achieve for both tissues and the transitive layers 
in-between the same degree of sterility and physicomechanical viability. The key
idea was to keep samples in a buffered environment that match those of the human
body and carry out the treatments in a minute to maximize the effectiveness and 
minimize integrity loss. Optimizing the controlling parameters based on the 
spectrophotometric quantification and mechanical performance, the load-carriage
capacity of sterilized samples are validated by thermal analysis using differential 
scanning calorimeter to investigate structural alteration at the molecular level.
7.2 RESULTS
7.2.1 Pulsed power evaluation
All protocols were successfully carried out at twelve different operating 
conditions based on the combination of different input voltages and operation time. 
Table 4-1 shows the applied voltages and the resulting measured parameters. 
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Regarding Eq. 1 to 5, increasing input voltage (VS) would improve the rate of rise 
(dv/dt), repetition rates and output voltages (Vout). 
However, due to distortion of the electrostatic field, the breakdown voltage 
of the air-gap reduced at higher repetition rates. The measured voltages across the 
sterilization reactor and the number of pulses reported in Table 4-1 and Fig. 4-1
clearly describe such a phenomenon.
Table 7-1 Measured electrical parameters
No. VS
(V)
Exposure 
time (s)
VO
(kV)
Number of 
Pulses (n)
QT (kJ) dt
dvo (V/μs)
1 40 15 11.04 25803 3.15 10.97
2 40 30 11.04 17202 2.09 10.97
3 40 45 11.04 8601 1.05 10.97
4 32 15 12.72 23536 3.81 7.66
5 32 30 12.72 15960 2.58 7.66
6 32 45 12.72 7845 1.27 7.66
7 24 15 13.68 13021 2.44 3.78
8 24 30 13.68 8681 1.62 3.78
9 24 45 13.68 4340 0.81 3.78
10 16 15 13.92 5362 1.04 1.74
11 16 30 13.92 3575 0.69 1.74
12 16 45 13.92 1787 0.35 1.74
Assuming a lossless system, the maximum energy per pulse can be calculated 
based on the energy stored in the capacitor which is defined as:
where C is, the output capacitance of the pulsed power supply and V is the peak 
output voltage. 
(6)
2CV
2
1Q  
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By considering the number of applied pulses the maximum total energy delivered 
in a treatment session can be calculated as follows:
where Q is, the maximum energy per pulse and n is the number of the applied 
pulses. The number of applied pulses and the calculated total energy transferred to 
tissue materials is depicted in Table 4-1.
Fig 7-1 Applied voltage frequencies for a) VS =40V, b) VS = 32V, 
c) VS = 24V, and d) VS = 16V
7.2.2 Microscopic observation
Fig 4-8a, b shows the cartilage and bone tissue components treated at 40V for 
45s after three days of incubation respectively. Fig 4-8 c, d shows the cartilage and 
bone tissue components treated at 40V for 45s after five days of incubation.
Fig 4-8e, f shows contaminated samples at 32V for 15s after three days of 
incubation.
(7)nQQT  
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Fig 7-2 Micrographs of treated samples in culture medium after three to five days of incubation. 
Micrographs of pulsed plasma treated samples in culture medium after three to five days of 
incubation. a, b) cartilage and bone tissue components treated at 40V for 45s after three days of 
incubation respectively; c, d) cartilage and bone tissue components treated at 40V for 45s after 
five days of incubation; e, f) contaminated tissue materials treated at 32V for 15s after three 
days of incubation
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The culture medium was checked for any visual contamination, color, and 
transparency prior to immersion and incubation of the samples as contamination 
can occur within a few days and are usually noticeable to the naked eye. As a rule 
of thumb, clouding of the broth indicates contamination while a clear and 
transparent medium signifies the sterile product (Holy, et al., 2001); that is, 
recognizing distinct changes in the medium turbidity, presence of floating or 
agglomerating particles in the suspension. By the end of day five, the medium 
turbidity in some wells was distinctly changed, and the presence of growing bacteria 
was evident in the suspension. 
Fig 4-8 shows micrographs of sterile and contaminated samples, illustrating 
the interface of avascular and vascular constituents. Cartilaginous edge remained 
transparent in a sterile medium after five days of incubation when treated with a 
minimum voltage of 40V and for 45s (Fig 4-8a, c; respectively). On the other side, 
subchondral edges remain clear five days of incubation (Fig 4-8b, d; respectively). 
Non-sterile samples were surrounded by ubiquitous group of unicellular 
microorganisms formed into particles that blurred the well (Fig 4-8f). Due to the 
ubiquity and size of granules, they can be easily detected by visual inspection of the 
culture after the third day of infection.
7.2.3 Quantitative assessment
The colorimetric changes were used as an indicator to compare samples 
sterility with one another. Fig 4-9 depicted the relative absorbance of 100μl of the 
medium at 550nm wavelength in reference to that of a clear sterile DMEM solution 
(negative control). The absorbance values for sterile samples were much closer to 
that of the control. According to multiple comparison results, Tamhane statistic 
strongly approved the impact of time of exposure to plasma discharges, specifically, 
at voltages above 32V on bacteria inactivation. There was a significant difference 
between the colorimetric values when the time of exposure increases from 15 to 45 
seconds (p-values <0.001) for samples treated at voltages above 32V. That is, for 
Chapter 7: Terminal sterilization of cartilage-bone plugs using pulsed power plasma 173
sample No. 1 to 3 (40V) and No.4 to 6 (32V) the relative absorbance decreases 
linearly with treatment time (p < 0.001; RSq= 0.98). 
With respect to qualitative assessment, it can be concluded that from voltages 
below 32 V to breakdown threshold, the intensity of the treatment was not sufficient 
to eradicate spores entirely.
7.2.4 Mechanical analysis
Post-mechanical results show that the impact of plasma discharge at voltages 
above 32 V was relatively significant (p-value < 0.05). Comparing stiffness and 
energy storage values deduced at 20% strain, it was found that samples treated at 
input voltages of 40V and 32V had partially lost their mechanical performance. 
Fig 7-3  Spectrophotometric values of the cultured samples after 5 days of incubation at 550 
nm. Post Hoc statistic shows *** p<0.001, *p<0.05 significance and R-square values of linear 
regression for time of exposure and colorimetric changes
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There was a maximum loss of 5% of mechanical stiffness and 12.8% of elastic
strain energy for the upper 10th percentile of totally 36 treated samples (p-value <
0.05). Fig 4-10 charted pre- and post-stiffness mean values and standard deviation 
for intact and treated tissue samples. There was a reliable difference between values 
pre and post-sterilization for protocols 1 to 6. 
However, the univariate analysis revealed that there was no interaction 
between the time of exposure to plasma and the applied voltages. Not worth 
mentioning that, time variation was had no influence on the mechanical response 
nor had it any relation to the applied voltages as well (F=0.28; p-value = 0.94). 
According to elastic-strain values, one can vividly notice how consistence became 
the load bearing capacity for tissue materials when lower voltages applied. Fig 4-11
depicted a negligible difference between samples treats at 32V pre and post 
treatment. However, the applied voltage can significantly affect the post–
mechanical properties where a loss of 14.1% and 27.86 on stiffness and energy 
storage capacity was recorded respectively.
Fig 7-4 Comparative bar representation of stiffness means values are VKRZLQJĮOHYHO
***, 0.05** and 0.1 * for samples pre and post pulsed plasma sterilization.
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7.2.5 Thermal analysis
Fig 4-12 displayed the thermographs for intact and treated avascular tissue 
component. Native collagenous thermograph is in accordance with the reports in
the literature where a single thermal domain of an endothermic transition 
corresponds to denaturation phenomena (Fig 4-12). The enthalpy of transition 
diminished and delayed with time of exposure to pulsed plasma, with normal and 
45s treated samples possessing the greatest and the lowest values respectively: 
'H45<'H30< 'H15< 'H*. The initiation of the endothermic peak was also different 
between samples (p<0.05). 
Fig 7-5 Elastic-strain energy for intact and pulsed plasma treated samples for 15, 30, and 45 
seconds at 32V and 40V. ANOVA showed significant level of p < 0.05.
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This was depicted with a vertical plateau on samples thermographs treated for 
30s and 45s. For longer exposure time, this plateau extended to higher temperatures 
and the initiation of the broad endothermic peaks delayed (Fig 4-12). In other 
words, at high voltages, prolonged exposure to plasma ensured a shift toward lower 
enthalpy and results in lower thermostability of the collagenous component.
Fig 7-6 Differential scanning calorimetric thermograms for intact and pulsed plasma treated 
cartilaginous tissue material for 15, 30 and 45 seconds.
7.3 DISCUSSION
The results presented the ability of an adjustable in-house power supply for 
sterilizing connective tissues and how it can impact the properties thereof. 
Mechano-physical assessment elucidated those effects and a safe operating 
threshold if pulsed plasma should be chosen for sterilization. The results 
demonstrated that, discharges of 11kV sterilized samples in 45 seconds, reducing 
intrinsic elastic modules of 1.4±0.9 MPa to 0.9±0.6 MPa. There was a decrease of 
14.1% in stiffness and 27.8% in elastic-strain energy for the top quartile. 
Mechanical impairment was directly proportional to input the voltage (p<0.05). 
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Bacterial inactivation was proportional to treatment time for input voltages above 
32V (p<0.001; RSq= 0.98). 
Thermal analysis revealed that the helix-coil transition of collagen 
decelerated with exposure time and its fibrils were destabilized as the denaturation 
enthalpy reduced by 200μV (p<0.05). We conclude by presenting a safe operating 
threshold for pulsed power plasma as a feasible protocol for effective sterilization 
of connective tissues with varying level of loss in mechanical robustness which we 
argue to be acceptable in certain medical and tissue engineering application. We 
explained that for such a case, the configuration of two-series-flyback converter 
provided a robust stabilization, simply, because it gives a complete control over the 
rate of rise, repetition rate, and that high output voltages accrue from low inputs. In 
addition, the series connection doubled the injected energy because of its 
dependence on the output capacitance. 
Here, the output capacitance was not affected by the load side as it possessed 
low capacitance. In this configuration, the rate of rise and repetition rate were 
directly proportional: the higher the rate of rise, the faster the voltage build-up
across the output capacitors and, as a result, the charging speed increases. The result 
demonstrates that bacterial inactivation depends on the rate of rise by virtue of the 
input voltage as such: the repetition rate was directly proportional to the number of 
pulses. Higher number of pulses resulted in higher total energy. As a result, during 
each switching cycle the amount of stored energy in the capacitors transferred to 
the sterilization reactor and hence to the tissue-material (Heidarkhan Tehrani, et al., 
2014).
The dependency hints that samples sterilized at 40V in 45s had the highest 
rate of rise compare to the others. Using such a topology, pulsed power discharge 
of 11kV sterilized tissue components in less than a minute (45s). With respect to 
sterility assays, the time of exposure significantly reduced the bacterial spores only 
for voltages above 32V (p<0.05) and was determined with a linear regression with 
which 98% of the data was explained (p < 0.0001; RSq= 0.98). It was expected that 
longer exposure to and taking on of plasma would affect tissues integrity. 
Microscopic observation and spectrophotometry result were in accordance with
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reports stating that 120 seconds is sufficient for complete inactivation of bacterial 
SDWKRJHQVDQGWKRVHRIELR¿OPIRUPV(Wu, et al., 2013).
Post-mechanical data justified that overall performance of the treated tissues 
was dependent on the input voltage. The improvement in the rate of rise of the 
magnitude of 9 v/μs from 16V to 40V was relative to this dependency. It was 
statistically proven that tissues intrinsic stiffness of 1.4±0.9 MPa decreases to 
0.9±0.6 MPa for the applied voltage above 32V (p<0.01). Similar to the results 
obtained for the elastic region, the capacity to absorb the work decreased in all 
groups except for the ones treated below 32V. We know that plasma could modify 
protein macromolecules (Borrelli, et al., 2013), that there is a threshold for signs of 
histological damage (Wu, et al., 2013) and the fact that load-bearing capacity of the 
tissue is a consequence of collagen-proteoglycan entrapment system (Broom & 
Oloyede, 1998; Heidarkhan-Tehrani et al., 2012; Oloyede & Broom, 1996).
As a result, collagen fibrils restrain the swelling of negatively charged
proteoglycans only when inter-fibrillar bonds exist, but when damaged, the 
anisotropy of the matrix would be affected and so does its overall performance 
(Akkus, et al., 2005; Grieb, et al., 2006; Vastel, et al., 2007). Here both the energy 
delivered to the tissue and the repetition rate (Table 3) determined by the input 
voltage and cause tissue damage. It also supports published data for the effects of
ionizing on plasticity of bone allografts (Kaminski et al., 2012). Wu et al asserted 
that continuous exposure to low-temperature plasma (LTP) for five minutes caused 
dissociation of the laminin layer of the tissue and signs of histological and 
epidermal damage can be seen as early as 1min. Differential scanning calorimetric 
results provided a more detailed explanation of this effect at the molecular level. 
According to the thermostability results such mechanical impairment attributed to 
the cleavage of intermolecular bonds of collagenous extracellular matrix and 
proteoglycans.
Thermograph of native tissues was identical to that in the literature where a 
broad endothermic peak indicates denaturation of stabilized collagen fibrils by 
intermolecular cross-links (Ignatieva et al., 2004; Ignatieva et al., 2007). Longer 
exposure to plasma delayed the initiation of such a transition and reduced the 
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required enthalpy thereafter. This resistance, which could correspond to the 
vaporization of residual bound water in collagen fibrils, was shown with an 
extension of a plateau when time of exposure increased. The endothermic peak 
associated with the helix-coil transition of hydrogen bonds that stabilize the triple 
helical collagenous structure (Safandowska & Pietrucha, 2013). This impact can be 
explained by the rupture of those hydrogen bonds that maintain the secondary and 
WHUWLDU\VWUXFWXUHRIFROODJHQILEULOVLQGXFLQJWKHXQFRLOLQJRIWKHWULSOHKHOL[LQĮ-
chains and resulted in a weaker structure as the result of post elastic-strain asserted.
The onset of this transition triggered later for longer treated samples and that 
correlated with the stiffness trend. In other word, the longer the samples were 
exposed to pulses, the lower the enthalpy required for this transition, and hence the 
tissues mechanical performance. The reduction of the denaturation enthalpy was 
reported to be a sign that collagen molecules have transformed to a non-helical state 
and of the loss of collagen-proteoglycan interaction (Ignatieva, et al., 2007). This 
disturbance corresponded to the loss of intrinsic stiffness values and the decrement 
on the denaturation enthalpy. 
It should be mentioned that the avascular tissues thermograms changes from 
one sample to another, but that the heat effect of the endothermic process remains 
constant (Ignatieva, et al., 2004; Ignatieva, et al., 2007; Martinho Jr et al., 2013;
Safandowska & Pietrucha, 2013). However, the magnitude of enthalpy alteration 
shows that the pulsed plasma does not result in severe disruption of helical 
conformation but more or less macromolecular re-arrangement. This re-
arrangement can validate the elasticity of plasma treated samples, the compression 
stiffness and the kinetic of collagen denaturation (helix–coil transition) which goes 
beyond the scope of the present study.
In reference to works done by Shimizu, Tada, et al. (2001), Lu, et al. (2010)
and recently Borrelli, et al. (2013), treated tissues with 60% loss in performance 
were still capable of withstanding clinical procedures and load bearing after 
transplantation. The reduction in mechanical performance in this research, as 
depicted, was much less than the minimum requirement for transplantation and 
surgical application, let alone that a maximum decrease of 27% was obtained. The 
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proposed system of gas-liquid (air-saline) benefits from production of the same 
chemical species and physical factors as originated by the gas (air) and liquid phase 
(PBS) individually (Kaminski, et al., 2012; Lukes, Appleton, & Locke, 2004).
Moreover, samples were exposed to injected plasma rather than direct contact with 
the pulsed discharges, which affords and guarantee the opportunity of employing 
NPT. 
Preparing tissue material in buffered environment prevents extraction of 
cellular materials while preserving the structural integrity and biological 
functionality through which some key mechanical characteristics are restrained. In 
addition, operating at low temperatures protect collagen damage, aid the indirect 
effects of the radiolysis of water particles in the samples and increase in particles 
mobilization which sparks the formation of more free radicals and lead to
effectiveness microbial inactivation. 
The present safety levels for plasma input voltage delivered energies and time 
of exposure can be used as guidelines for pulsed power plasma sterilization studies 
as plasma settings and exposure times are highly relevant here. The preparation 
techniques of tissue materials that are in practice for transplantation and surgical 
intervention are of greatest importance due to the prospects of post-surgical 
infection and revision surgeries. These also require particular understanding, for 
example, when the products are to experience load, that is, the case for joint 
replacement compare to blood vessels. In fact, obtaining sterile tissue-materials for 
transplantation and tissue engineering purposes with adequate load-bearing 
capacity remains a major therapeutic hurdle; specifically, to achieve this for 
avascular-vascular systems..
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Chapter 8: Conclusion and future work
This thesis presented the feasibility of the methodologies that can be used for 
developing functional, xenogeneic osteochondral plugs for the repair of mammalian 
joints. It contributed significantly, in addressing the essentials for such a transplant 
that can act with comparable biological and mechanical characteristics to that of the 
native cartilage and bone tissues. It demonstrated that the xenogeneic laminate 
proposed have the potential to be a promising model for treating focal defects in 
load bearing joints as it targets both vascular and avascular components. It also 
established that such a model can be controllably microengineered into a biological 
instructive platform with tuneable microstructural features that could enhance 
remodeling of and integration at cartilage-to-cartilage implant-host interface. These 
were of significant contribution to both cartilage and bone tissue engineering and 
the concept of ECM biomaterials with an emphasis on cell-free bioscaffolds in the 
context of regenerative medicine in general and joint repair in particular. 
Earlier in the thesis, histological and microscopic assessments demonstrated 
that with an efficient cell wash-out, the collagen network collapsed due to the 
concomitant proteoglycans removal leading to the compaction of the matrix, and, 
therefore, the collagen meshwork could not be penetrated by the cells in vitro 
postulating a similar consequence in vivo. It established that despite the potential 
of the decellularized ECM construct to accept cell on the surface due to its inherent 
biocompatibility and the affinity of cells to attach to such a surface, the constructs 
lack the characteristics essential to allow cells infiltration or to be capable of 
supporting three-dimensional matrix production. The cell seeding attempts carried 
out in vitro, nevertheless, demonstrated the non-cytotoxicity of the decellularization 
protocols rather than their adding to the scaffold capacity of the treated constructs. 
As previously reviewed in the literature, many have argued that the best 
practice is to transplant an osteochondral unit, i.e. cartilage with its underlying bone 
to benefit from bone-to-bone healing at the time of having cartilage-to-cartilage 
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contact since the cartilaginous cap by itself will not bond to the recipient tissue. 
However, our study suggested and proved that adequate cartilage-to-cartilage 
bonding is practically feasible through precisely microengineering the 
decellularized cartilage matrix. Given the optimized preparation protocol as the 
candidate treatment option for an efficient cell wash-out, the microengineered 
xenogeneic matrix demonstrated a promising scaffold platform that could instruct 
cell migration pattern and promote the spatial recellularization of the cell-free 
construct directing the seeded cells and probably promoting the delivery and 
exchange of nutrients, oxygen and other macromolecules via the body fluids in vivo.
The incorporation of optimized size, density, and distribution of micro size 
channels not only provided the conduit for the delivery and retention of cells as 
demonstrated with confocal and scanning electron microscopy, but also it enabled 
diffusion of vital cell nutrient products and exertion of biochemical and 
biomechanical cues to direct cell behaviour, which was demonstrated in vivo using 
the sheep animal model. The ex vivo appraisal revealed that the addition of this 
extra capacity i.e. volume porosity was not only necessary to facilitate cell 
infiltration, but also assist with the diffusion of nutrients throughout the ECM 
bioscaffold. The comparison showed that the functionality of the microengineered 
osteochondral plug in surviving a load-bearing environment and the enhanced 
quality of the implant-host integration at the avascular interface was ascribed to this 
added capacity.
The animal study also confirmed that microengineered decellularized ECM 
constructs can function without adverse immunological reaction during the three 
months of implantation. Although there was a significant difference between the 
integration qualities, in particular, where microchannels connected the cartilage of 
the femoral ridge of the sheep to that of the plug, the preparation protocols were 
intense enough to completely fuse the plug with the host environment. Moreover, 
both xenogeneic osteochondral plugs demonstrated an acceptable level of 
mechanical viability. Here, the key achievement was the appraisal of the feasibility 
of a protocol as such, that could conduct an efficient DNA wash-out while 
producing a biomechanically viable xenogeneic construct that possesses adequate 
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stability before and after implantation and, more importantly, did not elicit any 
undesirable systematic effects at the site of the implantation. 
The main argument of the thesis was that due to the maintenance of the 
proteoglycans ultrastructure, the proposed SDS-Triton protocol could preserve 
appropriate biomechanical and biochemical cues for cellular activity inside the 
collagen meshwork resulting in a construct that could tolerate even further physical 
manipulation. The ability to microengineer the collagen-based material i.e. the 
decellularized ECM cartilage matrix could address further limitations in similar 
procedures such as in the preparation of allografts, autografts and matrix-induced 
autologous chondrocytes, most of which have significant unresolved problems such 
as lack of biomechanical continuity and integrity at the interface where cartilage is 
removed, or the fact that gaps may appear between the host and the plug.
Similar to the other approaches, another challenge addressed here was with 
the surface congruency of the decellularized plugs and the host. Although 
osteochondral grafts, allografts, autografts, and xenograft are all standard treatment 
options for joint focal defects, the difficulty of matching the topography of host and 
grafts surfaces flush to one another has been a remaining challenge. Incongruence 
could lead to disintegration mainly when the gap reaches the subchondral region. 
The advantage of being able to have an intact cartilage layer provided the chance to 
promote the healing of the chondral integration exactly at the interface of the graft 
and the host, which when microengrained properly could enable a systematic 
control over cellular and matrix invasion from the host to the implant and vice versa 
in a tunable manner. 
The idea of microengineering the decellularized cartilage matrix had various 
design control parameters such as the size, density and the patterns of the 
microchannels all of which allow full control over tuning the cell response, making 
the resulting biological activity dependent on the geometry of the micropatterning 
features, especially, in forming the cartilage-to-cartilage bridges. Not to mention 
that, one of the major points of deficiency with scaffold-cell constructs for cartilage 
repair was that chondrocytes present antigens that cause immune-mediate response 
(Moskalewski, et al., 2002), However, our results demonstrated that a stable 
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immuno-privileged graft may be able to support regeneration through host cell 
infiltration with the aid of the optimized microchannels design, thereby negating 
the need for excessive in vitro cell culture. 
The assessment suggested that the behaviour of chondrocytes at and inside 
the microchannels was a function of the topography of the conduit i.e. its curvature 
which was probably sensed by the cells as a three-dimensional environment 
compared to flattened cells attaching on the surface. It also implies that the 
migration pattern of cellular materials, growth factor, and nutrient can be precisely 
adjusted based on the defect shape and the physiological requirement by the tissue. 
This association was investigated by the plotting of the streamlines which govern 
the fluid flow around the microchannels and throughout the microengineered 
decellularized ECM block. It seems that depending on the design of the 
microchannels, different types of responses can be induced in accordance with the 
remodeling pace. For instance, it was clear that resident cells surrounding distant 
microchannels demonstrated more of a superficial attachment whereas cells inside 
the microchannels of 150 to 250 μm width experienced full anchorage across the 
void and surprisingly reengineer their own environment inside the space provided. 
The results showed that the infiltration of chondrocytes into the matrix also 
provided the extra space required for their proliferation and matrix production. 
Hence, the findings suggested that the initial geometry and the curvature profile of 
the microchannels were the prime determinants of the quality of attachment and 
migration. However, further studies will reveal the underlying mechanisms of cells 
adapting to and modifying the new environment which would be of particular 
interest when using advanced purpose-built bioreactors that have an accurate 
control over the culture medium flow rate to induce shear stress on the seeded cells 
in a dynamic culture environment throughout the microchannels. 
Apart from the microengineering of the biological scaffolds, the idea of using 
a decellularized ECM was found to be an essential requirement in case of using 
xenogeneic osteochondral plug since any adverse immunological reaction could 
jeopardize the condition of the plug leading to immediate rejection. This study has 
significantly contributed to previous works on biological ECM scaffolds that were 
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derived from decellularized vascular tissue sources. This work has also broadened 
our understanding of preparing xenogeneic implants that have been previously 
perused by others; for example von Rechenberg et al. (2003) reports on
repopulation of xenograft with host cells, fusion between host and graft cartilage 
and remodeling of the calcified cartilage zone with moderate graft recession (von 
Rechenberg et al., 2006). It is now clear that, firstly, it is possible to generate a 
mechanically viable and transplantable xenografts capable of osseointegration and 
chondral integration simultaneously; secondly, that this requires modifications in 
methodology to produce a biocompatible microengineered construct with enhanced 
functionality to overcome manufacturing limitations. 
Most of the works done on the decellularization of soft tissues reported that 
in case of an intense DNA washout – efficient – the resulting constructs are not 
strong enough to withstand external loadings. Instead, our assessment of the 
proteoglycan content revealed complete loss with the trypsin treated samples and 
about 30% loss with SDS. The latter combined with a wash with Triton and DNases 
was found to be much favorable than that reported by Elder, et al. (2009a)
previously. We noted that an optimal method could help to eliminate DNA from 
the matrix, and at the same time limit the damage to the ECM structural and 
mechanical integrity. In addition, unlike direct incubation as suggested by Ott et al. 
(2008b), our findings recommended that samples are to be subjected to a 
combination of different treatment to prevent gross loss of proteoglycans and 
damage to collagen microarchitecture, which led to the alternation of 
micromechanical characteristics of cartilage matrix.
The research conducted here demonstrated that a combination of ionic and 
non-ionic detergents followed by DNA lysis would result in a much more robust 
and immunologically inert constructs compare to those proposed based on the 
intensity of the treatments. It was established that treated laminates as such were far 
superior in terms of physiological functionality and their ability to carry load. The 
protocol proposed reduced the need for extensive cell culture, potentially providing 
a stable framework and support for osseointegration, as well as host cell infiltration. 
The perfusion decellularization methods, which have up till now been used for 
producing vascularized ECM bioscaffold and a biomimetic tissue engineered 
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constructs, has now been adopted, upgraded and modified to derive ECM-based 
cartilage-on-bone laminates.
Making the implant ready for implantation, terminal preparation steps such 
as sterilization with conventional methods prior to and at the time of surgery would 
ruin the delicate structure of the decellularized bioscaffolds. In order to address the 
shortcoming, the sterilization process unique to the purpose of this study was 
developed. The pulsed plasma reactor was made in a collaborative work with QUT 
power engineering group by utilizing a high voltage pulsed power unit. The 
capacity of non-thermal plasma for sterilizing the tissue-materials was appraised. 
The proposed idea was to keep samples in a buffered environment that matches that 
of the human body and to carry out the treatments in less than a minute to maximize 
the effectiveness and minimize loss of integrity. The findings showed that pulsed 
plasma has the capacity to sterilize both soft and hard tissues of vascular and 
avascular organs resulting in varying levels of mechanical performance. 
The developed pulsed power supply can deliver 14kV over 45s onto the 
bioscaffolds at atmospheric pressure in the presence of air and balanced salt solution 
to disinfect bacterial spores. Despite the existing consensus that terminal 
sterilization would compromise the functionality of tissue materials, it was 
determined that using pulsed plasma the collagen-based materials can be sterilized 
and at the same time survive mechanical burden. It was suggested that there is an 
association between mechanical properties of tissue materials and the damage to 
the collagen structure during plasma treatment. However, the magnitude of 
mechanical impairment and thermostability analysis seemed to be only due the 
rearrangement of collagenous macromolecules. The principle advantage of the 
protocol was the processing time, the working temperature, and the buffered 
condition. These maximized effectiveness and minimized integrity loss, in 
particular, for the delicate mechanostructural characteristics of the decellularized 
ECM bioscaffold. 
It has to be noted that the optimal decellularization and sterilization protocols 
were developed specific to the cartilage-on-bone laminate proposed in this study. 
This study like many other current ongoing research on the use of decellularized 
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ECM bioscaffolds showed that this group of biologic materials has a great potential 
to overcome various challenges in tissue engineering and regenerative medicine 
since they allow for accurate mimicry that has not yet been accomplished by 
artificial biomaterials. To our understanding, the approach is relatively young, and 
extensive research is required to understand the biologic responses to ECM 
scaffolds within the body. 
Here we contributed by showing that the advantage of having the ECM 
bioscaffold in the form of a laminate with microengineered cartilage ECM attached 
to bone facilitated the implantation of the plug directly into the defect site, with the 
bone and cartilage providing adequate anchorage for the graft and thus promoting 
osseointegration and chondral integration simtanously. This was in contrast to 
various treatments that have been previously used for decellularization which 
compromised the subchondral bone integrity resulting in substantial bone 
resorption and displacement of the graft post implantation and the premise that 
cartilage-to-cartilage integration is difficult to achieve. Noteworthy that there are 
still several other issues that need to be addressed in this context.
First, despite the fact that the decellularization protocols are being optimized 
over and over and with microengineering techniques such as the laser ablation that 
was utilized in our study, still the fate of the cells in the ECM bioscaffold has not 
been investigated thoroughly and their lineage is not under our complete control. 
To direct cell differentiation, biochemical and biomechanical cues need to be 
incorporated into the system including growth factors and other bioactive 
components that can direct gene expression and cell phenotype toward 
chondrogenesis. The additional factors can be delivered using hydrogel systems and 
micro- and nanocarriers along with the ECM material for stimulating cell 
differentiation and maximizing functionalization using the ECM material 
effectiveness even more. 
Second, as have been noted here and in the literature, current decellularization 
approaches have focused on the decellularization of cartilage ECM for the chondral 
repair. However, the use of a non-cartilage-specific extracellular matrices would 
have the advantage that other ECM sources can be prepared for other types of 
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connective tissue repair and this would multiply our accessibility to and possibilities 
for matching different matrix-to-tissue pairs in the body. We could then share other 
standardized protocols to treat ECM materials and treat tissues that lack the 
availability of their donated ECM source.  
Third, further analysis of the biomechanical properties and micromechanics 
of cartilage ECM is critical for the advancement of tissue engineering of functional 
cartilage-like systems, in particular, for the proper treatment of xenogeneic ECM 
bioscaffolds. In order to achieve this, new techniques that can measure and capture 
the micromechanical characteristics of normal, diseased and decellularized matrices 
need to be proposed. Following that the spatial distribution and interaction of the 
biochemical, and mechanical factors must be clarified. We must learn how to best 
control the concentration and timing of biochemical factors and to apply the 
biomechanical stimulation both in vitro and in vivo. 
Further refinement of existing bioreactor systems is needed to improve the 
tissue response to its environment. The perfusion decellularization method that has 
up till now been used for producing vascularized ECM scaffold for biomimetic 
tissue engineering can now be adopted to derive ECM-based laminates that will 
retain the natural 3D microarchitecture and provide cells structure, support and cues 
within the body. This can be achieved by exploring the variation of donor sources 
and testing the feasibility and functionality of these implants within large animal 
models, long-term period studies and further optimization with respect to 
microengineering of the ECM bioscaffolds via rigorous in vitro investigation using 
purpose-built bioreactors and the use of functional hydrogels as carries for smart 
delivery of the cells into the decellularized ECM structures.
In view of this thesis, ECM-based constructs have the greatest potential to 
revolutionize the field of biomaterials and the apparent failure in biomimicry of the 
natural organization of tissues with artificial synthetic materials, which is arguably 
the consequence of our inability to mimic the perfect extracellular matrix with all 
its complexity and the cell-scaffold balance using the current technology. The 
significance of this research is, therefore, not much about the event of offering 
solutions in the topic of the research but more about the experience and the 
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identification of the challenges that we might face in following this particular path 
in soft and hard tissue engineering and medical device in general. It involves the 
advancement of our knowledge around the natural collagen membrane 
microarchitecture and micromechanics and how it can be affected by current 
processing methodologies. It also sought a different way of facilitating the 
characterization of tissue-derived ECM-based material and manipulating the 
adverse consequences that many have faced with the help of a microengineering 
concept and adding quantitative appraisals in maintaining and enhancing 
physiological functioning and remodeling of the bioscaffolds. 
To conclude, this thesis explores the methods that can be used for preparing 
xenogeneic osteochondral plugs for the repair of focal defects in mammalian joints. 
It also reveals the knowledge that is arguably of potential benefit to tissue 
engineering and regenerative medicine which currently relies mostly upon synthesis 
and manufacturing of artificial materials i.e. synthetic polymers and constructs to 
create scaffolds for cells. Most significantly is that this research has established 
insight into the factors necessary for achieving a functional platform, based on a 
donor-receiver or cross-transplantation intervention in the xenogeneic treatment of 
focal defects in an animal model laying the foundation for the extension of the 
paradigm to humans in the future.
.
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Appendices
Appendix A
Modification made to Matlab-written image processing algorithm
(Heidarkhan Tehrani, et al., 2010; Tehrani, et al., 2010), and added 
subroutines for collagen fibril analysis 
After the initial cropping and morphological operation
on cartilage SEM images similar to those performed on 
polymeric nanofibrous meshes (Heidarkhan Tehrani, et 
al., 2010; Tehrani, et al., 2010), the followings have
been added for collagen network analysis.
Itemized list of the subroutines used for detecting
the degree of network compaction (3.2.8) and,
extracting collagen fibers orientation and alignment 
in decellularized cartilage matrices (3.3.1):
1- Following edge detection, the perimeter of the voids 
in intact and treated cartilage matrices were labeled 
in red and green for closed and open features,
respectively.
2- The statistics were stored for the percentage of the 
total area of the features in both intact and treated
matrices for the degree of compaction.
3- All the cropped images were transformed from the 
spatial space to 2D Frequency domain using Fast
Fourier function for collagen fibril alignment.
4- The resulting spectra were made independent of length,
then shifted, amplified and centered (Fig 3-1).
5- The total energy of the spectra were compensated and
integrated over the matrices and search algorithms
identified the maximal frequency location.
6- The energy spectra were converted to polar coordinates 
and their radial were scanned for peaks.
7- The peaks were normalized over the frequency domain 
and the degree, kurtosis and the full width at half 
maximum were stored for each sample (Fig 5-1).
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%IMAGE ANALYSIS OF VOID SPACES IN DECELLULARIZED CARTILGE
%ASHKAN HEIDARKHAN TEHRANI-N8009252
%QUEENSLAND UNIVERSITY OF TECHNOLOGY
%DATE: MAY 2011
%LAST UPDATE: 3 JUNE 2011
m3=imclearborder(m2,8);
imshow(m3);title('Borderless');figure;
[B,L,N,A] = bwboundaries(m2,8);
%Calculating the area and perimeter of each void and their 
mean and variation statistically.
%Number of Voids
n = size(B,1);
disp(['Number of Voids: ', num2str(n)]); 
N(z)=n;
%P is the matrix with the perimeter of each voids in its
rows
P = zeros(n,1);
for i=1:n
P(i,1) = (size(B{i},1));
%p(i,1)= p(i,1).*pix;
end
ratio(z) = sum(P)./(a.*b);
end
disp(['Mean voids perimeter: ', num2str(trimmean(P,10)),...
' micromicrometer']);
with the standard deviation of -',
num2str(std(P,1,1)),...
' to +',num2str(std(P,1,1))]);
holes = n-N;
pause
%If you want to colour the boundary of each void then 
activate the following
%-----------------------------------------------------
imshow(m2); hold on;
for k=1:length(B),
boundary = B{k};
if(k > N)
plot(boundary(:,2),...
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boundary(:,1),'g','LineWidth',2);
else
plot(boundary(:,2),...
boundary(:,1),'r','LineWidth',2);
en
%you can omit the bottom line if you want the code to 
execute faster
%drawnow; pause(0.01); 
end
%-----------------------------------------------------
%calculating areas and void spaces percentage and the mean 
radius
A1 = zeros(1,n);
for k=1:n 
A1(k)=(sum(sum(L(:,:)==k)));
end
porosity = ((sum(A1))./(a*b))*100;
disp(['Porosity: ',num2str(porosity),'%']);
disp('');
R = P./(2*pi);
radius = trimmean(R,10);
disp(['Mean radius of the spaces: ',num2str(radius),' 
micrometer']);
A2 = (radius.^2).*pi;
disp(['Mean Voids Area: ', num2str(A2),' square 
micrometer']);
' with the Standard deviation of -', num2str(std(Area)),...
' to +',num2str(std(Area))]);
toc
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% The following detects the orientation, angle and 
% uniformity in cartilage based on SEM cross section images
% Last modified Date: 18/11/2012
% Queensland University of Technology
%changing to frequency domain
m4=fft2(m3);
%making the spectrum independent of the length
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N=length(m4);
m4 = m4/N; 
%shifting the spectrum to the centre
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
N=length(m4);
idx = cell(1, N);
for k = 1:N
q = size(m4, k);
p = ceil(q/2);
idx{k} = [p+1:q 1:p];
end
m4 = m4(idx{:});
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Since we dropped half the FFT, we multiply m by 2 to keep 
the same energy.
%m4=m4.*2;
m5=abs(m4);
%now we have the amplitude each frequency domain in m5; by 
%integrating we can have the energy.
Totalenergy = cumtrapz(m5);
%meshing over the frequency domain
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%[xp,yp] = deal(0:1:50);
[i,j]=size(m5);
fs = smooth(m5,10,'sgolay',1); % DCT-based smoothing
fs=reshape(fs,i,j);
fs=fs';
%for fitting a line to determine the angle
x = {linspace(0,1,j),linspace(0,1,i)};
fitting=csaps(x,fs,0.999,x);
%For smoother fs activate the lines below
fs = smooth(fs,10,'sgolay',3);
fs=reshape(fs,i,j);
228 Appendices
subplot(121), surf(xp,yp,m5), %zlim([0 8]), axis square
subplot(122), surf(xp,yp,fs), %zlim([0 8]), axis square
x = {linspace(0,1,i/10),linspace(0,1,j/10)};
fs = imresize(fs, [(i/10)-1 (j/10)]); %adjust the dimension 
%if cropped
smoother = csaps(x,fs,0.999,x);
figure; waterfall(x{2},x{1},smoother); axis off
figure; contour(x{1},x{2},smoother);
figure; h = polar([0 2*pi], [0 0.75]);
delete(h)
hold on
contour(x{2}-0.5,x{1}-0.5,smoother)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
m5=log(m5);
figure; imshow(m5);
keep m4 m5 m N C h i j
clear fs h i idx j k m m1 m2 m3 m4 p q x N
%finding the points which have the highest intensity among 
the frequency 
% image and then fitting a line on them and determining the 
angle
s=mat2gray(fitting);
[a b]=size(s);
%finding maximum pixel in greyed Fourier transform
%search algorythm1
BW=edge(s,'roberts',0.5);
[row,col]=find(BW,1,'first');
boundary = bwtraceboundary(BW, [row, col], 'N', 8);
% % set the search direction to counter clockwise, in order 
to trace downward.
imshow(BW); hold on;
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plot(boundary(:,2),boundary(:,1),'g','LineWidth',2);
fit = polyfit(boundary(:,1), boundary(:,2), 1);
rad = atan(abs(fit(1)));
d = (180.*rad)./pi;
Degree=d+90
%search algoryhtsem2
for i=1:a/6
k=sum(s(i,:));
l=sum(s(:,i));
end
if k>l
[c,j]=max(s(1,:));
if  j>a/2
degree=((90/(1-a))*j+(45-a*(90/(1-a))));
elseif j<a/2
degree=((90/(a-1))*j+(45-a*(90/(a-1))));
elseif j==a/2
degree=90;
end
else
[c,j]=max(s(:,1));
if j==b/2
degree=0;
end
if j>b/2
degree=((90/(b-1))*j+(225-b*(90/(b-1))))-180;
elseif j<b/2
degree=((90/(b-1))*j+(225-b*(90/(b-1))));
elseif  j==b/2
degree=0;
end
end
if degree > 90
degree = degree - 90;
elseif degree < 90
degree = degree + 90;
end
clear d i j k line rad x y 
% %frequency 
% %------------------------------------------------
Fs_x = 346/2.5; % number pixels per centimeter
Fs_y = 346/2.5;
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dx = 1/Fs_x; % centimeters per pixel
dy = 1/Fs_y;
%
[M,N] = size(m5); % pixels
x = dx.*(0:N-1); % centimeters
y = dy.*(0:M-1);
%
dFx = Fs_x/N; % cycles per centimeter
dFy = Fs_y/M;
%
Fx = (-Fs_x/2:dFx:Fs_x/2-dFx); % cycles per centimeter
Fy = (-Fs_y/2:dFy:Fs_y/2-dFy);
%
%
surf(Fx,Fy,m5); %plotting image w.r.t hori. & vert. 
frequencies
view(0,0); %to view the peaks
shading interp; %colouring the peaks
% %------------------------------------
%changing to polar coordinate
%%%%%%%%%%%%%%%%%%%%%%%%%%%%
[x y] = meshgrid(1:a,1:b);
X=x-a/2;
Y=y-b/2;
theta = (atan2(Y,X)).*-1;
theta= (180.*theta)./pi;
rho = sqrt(X.^2+Y.^2);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%covering the image with a circle so that it is possible to 
read in polar
%coordination and rounding to nearest integer: zeroing the 
arrays which are
%higher than the radius a/2 in radius matrix
%--------------------------------------------
z = rho > b/2;
rho(z)=0;
mask= round(rho);
z = mask ~= 0;
mask(z)= 1;
%now we put the mask on tetha matrix by multiplying it
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masked = mask .* theta; 
masked = round(masked);
%figure; imshow(mask'.* (1-m5));%just to show how it looks!
rad=mat2gray(masked);
%figure; imshow(rad);%just to show how it looks!
%-----------------------------------------
%keep Degree N line m m4 m5 m6 masked
clear X Y rho theta x y z
%scanning radial energy of frequency domain to find the 
peaks
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Base = mask.*rad;
Base = Base.*360;
Base = round(Base);
energy = zeros(1,359);
BW=im2bw(m5);
for i=1:359
for k=1:a*b
if Base(k) == i
energy(i)= energy(i)+ BW(k);
end
end
end
energy = energy(1:180);
Energy = zeros(1,180);
for i=1:180
if  i > 90
Energy(i-90) = energy(i);
else
Energy(i+90) = energy(i);
end
end
% %Normalizing the frequency domain
m = mean(energy);
s=std(energy);
Nenergy = (energy-m)./(s.^2);
z = max(Nenergy);
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Degree2 = find(Nenergy==z)+90;
% if Degree2 > 90
%     Degree2 = Degree2 - 90;
% elseif Degree2 < 90
%     Degree2 = Degree2 + 90;
% end
figure; plot(linspace(-90,90,180), Nenergy);
kurtosis = kurtosis(Nenergy)-3;
FWHM = 2.355*s;
%--------2.355----------------------------
degree
kurtosis
FWHM
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Appendix B
Hardware setup for the pulsed plasma sterilization reactor
A digital signal controller (DSC; Texas Instrument TMS320F28335) was used for PWM signal 
generation. Magnetizing inductance and leakage inductance was approximately 152μH and 
1.6μH respectively. A 5nF capacitor was placed across the switch to damp voltage spikes 
produced by the leakage inductance. The output voltage was recorded using a Pintek DP-
22Kpro differential probe and RIGOL DS1204B oscilloscope. This prototype setup utilized a 
1200V IGBT module and a SK75GB123 as the power switches. Semikron Skyper 32-pro 
modules drove the IGBTs and provided the necessary isolation between the switching-signal 
ground and the power ground. Two step-up transformer (UU100 core 3C90 grade material 
ferrite from Ferroxcube) were designed with n = 10 (N1 = 4 and N2 = 40).
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Appendix C
ANIMAL ETHICS APPROVAL CERTIFICATE
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